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ABSTRACT 

A  pilot  line  for  the  production  of  large  high  quality  ZoO  single 
crystal*  was  established  and  many  largs  crystal*  were  produced.  The 
pilot  lins  can  b*  divided  into  two  units,  1)  a  «olt«n  salt  line  for 
ths  production  of  seed  plates  to  b>  used  in  2)  the  hydrothermal  cry¬ 
stal  growth  pilot  line.  The  design  and  construction  of  both  lines  were 
successfully  ccmplcted  and  functioned  as  planned. 

The  aolten  salt  crystal  growth  effort  was  not  as  successful  as 
had  been  anticipated.  Large  area,  high  quality  erystale  could  not  be 
made  reproducibly  by  this  technique.  The  moet  apparent  reasons  for 
the  failure  to  do  so  rests  in  thermal  gradient  eootrol  during  the  growth 
cycle  and/or  the  presence  or  absence  of  impurities  in  the  melt. 

Although  these  problems  were  not  completely  resolved,  the  molten 
salt  pilot  line  did  yield  sufficient  plates  for  the  initial  portion 
of  the  hydrothermal  crystal  growth  program. 

Once  growth  conditions  and  procedures  were  established  in  the 
hydrothermal  pilot  line,  the  hydrothermally  grown  crystals  were  sec¬ 
tioned  and  used  as  seed*  for  subsequent  runs.  The  area  of  the  crystals 
were  increased  by  continued  growth  until  large  high  quality  crystals 
weighing  more  than  ISO  grams  could  be  grown  on  such  seeds  within  reason¬ 
able  operating  tines. 

Ot«  problem  arose  which  had  not  been  encountered  in  previous  hy¬ 
drothermal  systems.  It  was  found  that  ths  silver  liner  or  can  was 
corrosively  attacked  during  the  course  of  the  growth  cycle.  The  silver 
which  was  dissolved  in  the  fluid  in  the  nutrient  chamber  would  also  be 
deposited  in  the  crystals  in  the  growth  chamber.  This  problem  was 
solved  by  adding  a  reducing  agent  (metallic  zinc)  to  the  reactants. 

The  cause  of  the  corrosion  apparently  is  due  to  the  presence  of  oxygen 
dissolved  in  the  solvent  and  as  air  entrapped  in  closure  of  the  can. 

The  reason  this  phenomenon  had  not  been  observed  in  other  small  systems 
using  noble  metal  liners  is  that  no  other  similar  system  has  been  scaled- 
up  to  the  ZnO  size.  The  solution  of  this  problem  for  the  ZnO  case  will 
undoubtedly  be  of  value  to  other  large  hydrothermal  crystal  growth  sys¬ 
tems  . 

In  addition  to  the  growth  of  the  large  crystals  many  smaller  crystals 
were  grown  which  were  doped  with  copper  to  give  resistivitiee  in  the  lO2  - 
104«/V. cm  range.  This  is  the  range  most  desirable  for  acoustical  am¬ 
plifier  devices. 

Other  doping  studies  indicate  s  wide  variation  of  resistivities 
within  the  virqin  crystal,  and  from  crystal  to  crystal  within  a  run. 

Aftsr  heat  treatment,  however ,  the  variatinn  of  resistivity  is  rsduced 
to  an  ordsr  of  magnitude  or  less.  It  w as  also  observed  that  impurities 
not  detected  by  spectrographic  analysis  may  be  as  important  in  deter¬ 
mining  the  resultant  resistivity  as  d* liber ate  doping  additions  and 
growth  conditions. 
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During  the  court!  of  these  contracts  many  staples  of  hydrothermally 
grown  ZnO  were  given  to  scientists  and  engineers  in  government,  indus¬ 
trial  and  university  laboratories  for  measurement  of  the  fundamental 
properties  of  ZnO  and  for  device  doeign  and  development. 


This  abstract  ia  subject  to  special  export  controls  and  each  trans¬ 
mittal  to  foreign  governments  or  foreign  nationals  may  be  made  snth  prior 
approval  of  the  Manufacturing  Technology  Division,  Air  Force  Materials 
Laboratory,  Wright-Patterson  AFB,  Chio  45433. 
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1.0  ZJfT POCOCTIOM 

Ths  discovery  by  Hutson*  that  sloe  oxide  haa  a  pl«e*lMtllo  cou©- 
ling  coeff Icisnt  of  O  4.  or  four  tinea  that  of  quartz.  stimulated  weft 
interest  4  «  this  material  .  and  work  la  undtmv  la  ucy  labor  a  tor  laa 
to  uu  crystal*  of  zinc  oxids  bcth  to  improve  existing  devices  sod 
build  now  ones.  >i»  existing  rVtvice  which  will  be  improved  by  usi DQ 
sine  oxida  is  thw  ultrasonic  w  ay  linw. 

1 . 1  Applications 

At  prwswnt .  ultrasonic  dolay  lioos  for  applica t loss  rsgslrlao 
long  delays ,  of  tha  ordar  of  allllsaconde  or  a  llttlo  loaa.  saw  sithwr 
cryatallinw  quartz,  or  bariua  tltanata  caraaio  tranadneer t .  Thw  r- f 
signal  is  iapressed  uoon  a  driving  transducer  dlih  rasooatas  and  a  an  da 
a  sound  nave  through  a  daisy  mediae*  usually  fuawi  stllos,  aatll,  per  • 
hags  aftar  savwral  raflactlons,  thw  sound  wsww  atrikwa  •  receiving  pie¬ 
zoelectric  transducer  which  changes  *n«  signal  back  to  r-f.  doth  quarts 
and  bariua  titanate  ceraaics  have  serious  shortcouiogu  when  long  da  lays 
at  high  frequencies  sra  desired. 

Crystalline  quartz  is  liaited  in  the  length  of  daisy  tiae 
that  it  can  achieve.  The  piezoelectric  coupling  coefficient,  k,  it 
only  0.1  The  power  of  a  transducer  depends  oo  the  square  of  this  co¬ 
efficient  and  the  length  of  delay  which  can  be  achieved  depends  strong¬ 
ly  on  the  power  available  since  attenuation  of  ultrasonic  waves  in 
silica  is  severe.  with  k  -0.1,  quartz  iz  liaited  to  short  delay  appli¬ 
cations.  On  the  other  hand,  quartz  can  be  lapped  into  very  precise  and 
very  thin  plates.  Since  the  resonant  frequency  of  a  transducer  ie  in¬ 
versely  proportional  to  its  thickness,  quartz  c*  be  used  at  high  fre¬ 
quencies,  around  10O  Me.  This  is  for  the  fundamental  node.  Higher  aodee 
can  be  set  up,  but,  again  because  of  the  low  k,  the  efficiency  of  higher 
sode  transducers  is  very  low. 

In  the  case  of  bariua  titanate  ceraaics,  the  problem  is  not 
with  delay  time  but  the  upper  frequency  at  which  the  delay  lines  can 
operate.  3ariua  titanate  ceraaics  have  coupling  coefficients  of  0.35 
and  higher.  With  these  high  coefficients,  delay  tiaes  of  6000  aicro- 
seconds  have  been  achieved.  However,  the  dielectric  constant  of  these 
ceraaics  is  '.bout  500.  Thus,  as  the  transducers  are  asrte  thinner  for 
higher  frequency  operation,  the  capacitance  becoees  very  high,  and  the 
impedance  watch  between  transducers,  which  is  necessary  fa r  operation 
of  the  device,  be coves  impossible  to  achieve.  This  limits  the  upper 
frequency  for  delay  lines  having  bariua  titanate  transducers  to  15  Me, 

Zinc  oxide  solves  the  problems  of  quartz  and  bariua  titanate 
siaultaneously.  Ic  has  a  coupling  coefficient  of  0.4  and  a  dielectric 
constant  auch  nearer  that  of  quartz  than  of  BaTlOj.  Its  dielectric 
constant  is  between  9  and  12,  depending  on  frequency.  It  cas  also  be - 
ground  and  lapped  to  close  tolerances  like  qa'xtz.  Thun,  it  appears 
that  delay  lines  having  3-6000  u  sec.  delays  frequencies  over  lOO 
Me  are  possible.  Indeed,  with  the  higher  k,  it  is  at  least  possible  that 
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in  iom  applications  higher  sodas  could  be  used  in  spit*  of  ths  higher 
lossss.  This  would  raiss  the  frequency  of  operation  sucA  higher. 

a  second  very  promising  uss  of  ZoO  is  in  thm  vary  new  ultra¬ 
sonic  amplifier  raportad  by  Hutson,  Meftse  and  White.**3  In  this  device 
a  quarts  transducer  sands  a  a near  wave  through  a  fused  silica  buffer 
which  is  in  contact  with  a  piosoelsctr ic  semiconductor.  (Hutaon.  at  al 
used  c a  (Salim  sulfide  since  that  was  the  only  material  aval labia  in 
suitable  single  crystal  fore.)  The  semiconductor  la  in  contact  with 
another  buffer  and  a  receiving  transducer.  It  was  found  that  when  a 
light  of  certain  intensity  was  used  to  excite  the  proper  carrier  con¬ 
centration  in  CdS ,  a  drift  field  pulse  was  applied  to  the  CdS  in  the 
direction  of  the  shear  wave  propagation,  a  gain  waa  observed  in  the 
ultrasonic  signal.  Gains  of  18  db  at  15  Me/ sec  and  38  da  at  45  Me/ sec 
were  reported  for  a  7mm  sample  of  CdS. 

A.R.  Hutson4  has  suggested  that  ZnO  would  be  superior  to  CdS 
as  the  semiconducting  transducer  because  of  its  high  coupling  coeffi¬ 
cient  .  It  cotlld  also  serve  as  the  driving  transducer. 

Two  specific  applications  for  ZnO  have  been  discussed.  There 
are  no  doubt  many  others.  Probably  quart*  and  ceramic  piesoelectric 
can  be  replaced  with  ZnO  to  great  advantage  in  other  devices .  But  in 
all  applications  large,  sound,  single  crystals  of  ZnO  will  be  required. 

This  report  contains  a  dsacription  of  the  development  of  the 
manufacturing  methods,  techniques  and  equipswnt  required  for  the  hy¬ 
drothermal  production  of  high  quality,  large  single  crystals  of  sine 
oxide. 


1.2  Properties 

Zinc  oxide  in  the  pure  state  is  a  clear  water  white  oxide 
having  the  wurtzite  structure  (hexagonal.)  As  normally  prepared  it  is 
an  n- type  semiconductor.  Resistivities  are  observed  as  low  as  5  ohm 
cm  in  newly  grown  crystals.  This  rssistivity  can  be  raised  or  lowered 
by  various  treatments  with  zinc,  hydrogen  or  oxygen.  This  fact,  coupled 
with  the  high  energy  gap  (estimated  at  3.3  ev),  originally  led  to  the 
hope  that  zinc  oxide  would  be  suitable  for  semiconductor  devices  appli¬ 
cations. 


The  use  of  ZnO  in  semiconductor  devices  has  been  curtailed 
because  to  date  no  one  has  succeeded  in  making  it  p- type .  Thus  p-n 
junctions  cannot  be  made.  In  an  effort  to  make  p- type  material. 

Lander3  studied  the  behavior  of  various  ions  in  the  zinc  oxide  lattice. 

He  discovered  that  Li*  will  act  aa  an  acceptor  in  ZnO  and  will  caapexs- 
sate  the  n- type  conductivity  so  that  the  material  will  became  insulating, 
although  it  will  not  become  p-type.  This  work,  pi-  the.  growth  of  larger 
crystals,  led  directly  to  Hutson's  discovery  of  the  large  piezoelectric 
effect  in  ZnO.  It  is  the  ccv>ensated  ZnO  which  exhibits  a  large  effect. 
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The  mechanical  Q  o f  sine  oxide  1*  net  as  high  as  quarts  bat 
is  far  higher  than  titanate  car  aw  tea.  Charlton*  has  measured  values 
varying  fra*  10s  to  over  10*,  depending  os  eagotlti«M,  oo  crystal* 
grown  at  Airtron.  Charlton  has  also  found  that  tbs  ugwrttart  eta* 
bility  of  ths  rs sonant  f rsqusncy  of  a  sloe  odd*  (OOOl)  disk  oscilla* 
ting  in  ths  cowpr  aaaional  sods  is  only  a  littls  poorsr  thas  a  a  tall  ax 
quarts  resonator.  Sines  no  othar  typs  of  oscillator  has  boss  sorts  of 
sloe  oxide  bscaurs  of  a  lack  of  suitable  crystals,  it  1*  not  known  if 
certain  cuts  will  possess  the  high  tswper stars  stability  observed  la 
eons  quarts  oscillators.  The  tswper  a  tore  stability  ol  ZbO  appears  to 
be  lees  than  that  of  sons  tltanate  oar  sales.  this  would  not  be  serious 
in  two- transducer  dsvicea  or  in  those  where  outran*  tanpsraturo  eta* 
v  bility  eae  unnecessary.  -  . ».  WTV*.  •  ■"»  ■  ‘ 

1.3  Growth  Method 

Zinc  oxide  is  known  for  its  high  vapor  pressure  and  its 
rapid  sublimation .  Tt  has  not  boon  observed,  t*»  our  knowledge,  is  the 
sol  ten  state.  The  vapor  phase  has  proved  wary  difficult  as  a  growth 
nediun  for  ZnO  in  that  it  is  not  possible  to  grow  large  crystals  rs* 
producibly . 

It  appsarsd  at  the  tine  of  the  beginning  at  this  work  that  a 
cowbination  of  sol  ten  salt  (for  seeds)7  and  hydrothermal8  techniques 
should  yisld  large  crystals  reproducibly  fnr  thgjfelxst  tine. 

The  growth  of  ZnO  frou  the  vapor  phase  yields  crystals  which 
are  of  a  needle  type  habit.  The  ratio  of  axis  length  to  disaster  is 
about  SO  to  1  in  these  crystals  normally ,  although  norm  truncated  cry¬ 
stals  arm  same  times  obtained.  The  largest  rtf  lasts  rs  are  about  Sna. 

The  needle  form  is  due  to  differences  in  growth  rates  between  the  <OO01> 
direction  and  those  perpendicular  to  it.  While  possibly  suitable  for 
sous  acoustical  amplifier  uses,  ths  small  size  of  such  crystals  make 
then  unsuitable  for  large  area  transducer  type  devices. 

On  the  other  hand  the  molten  salt  crystals  grow1  with  exactly 
opposite  differences  in  rates.  The  lateral  grosrth  rates  are  about  30 
times  greater  than  the  <0001>  growth  thus  yield  large  area  flat  plates 
which  are  ideally  suited  for  hy dr o thermal  seed  crystals.  It  has  been 
found  that  in  the  hydrothermal  system  nearly  more  squad,  grosrth  rates 
are  obtained  in  the  lateral  and  <0O01>  directions.. 

In  order  to  produos  ZnO  seed  plate  crystals  by  the  molten  salt 
technique  a  platinum  can  is  charged  with  about  30  mole  percent  ZnO  and 
PbFj  powders.  Ths  can  and  contents  are  them  heated  to  1150*C  and  held 
at  that  temperature  for  2  hours.  The  uelt  is  cooled  to  1G50*C  at  a 
rate  of  3-5  °C/hour  after  which  the  can  is  withdrawn  and  the  flux  poured 
off  from  the  crye^als. 


-3- 


...  --  -  •  .. 


Normally,  crystal  growth  from  aqweo us  solution  1 a  oar r lad  out 
at  atmospheric  pressure  and  temperature*  cIom  to  room  tnpnatu*.  Th« 
hydrotharaal  technique  la  on*  which  allows  crystallisation  to  b*  carried 
ant  undar  a  wide  range  of  tswpsraturss  and  pressures.  The  higher  pres¬ 
sures  and  tewperatures  employed  in  this  eethod  provide  a  weans  of  ob¬ 
taining  solubilities  and  nucleating  condition*  for  crystals  which  would 
he  difficult  to  grow  using  other  technioues. 

In  operation,  an  aqueous  solution  is  held  at  m  high  tempera¬ 
ture  an<  pressure  in  order  to  dissolve  the  source  material  (nutrient) 
in  ooe  part  of  the  system ,  transport  the  dissolved  nutrient  to  another 
part  of  the  system  and  deposit  it  onto  a  seed  crystal  epitaxially.  The 
process  is  carrisd  out  in  vertically  soon ted,  sealed  autoclaves  along 
which  a  teoperatuxs  difference  (AT)  is  inpoesd  between  the  top  and 
bottan.  The  nutrient  is  usually  placed  in  the  bottom,  hotter  portion 
of  the  autoclave  chamber  while  the  properly  oriented  single  crystal 
••eds  are  suspended  in  the  upper,  cooler  region  as  in  Figure  1. 

The  aqueous  solvent  in  the  region  of  the  nutrient  becomes 
saturated  with  nutrient  which  is  then  transported  by  thermal  convection 
to  the  cooler  portion  of  the  autoclave.  In  this  region ,  the  eolation  is 
supersaturated  with  respect  to  the  seed  crystals  and,  therefore,  depo¬ 
sits  the  solute  on  the  seeds.  The  now  cooler  and  depleted  solvent 
returns  to  the  nutrient  region  by  convection  where,  not  now  being  sa¬ 
turated,  it  nay  again  dissolve  the  nutrient  material.  Obviously,  the 
process  is  continuous  and  atops  only  when  the  nutrient  supply  is  ex¬ 
hausted. 

More  detailed  descriptions  of  the  hydrothermal  process  and 
equipment  can  be  found  in  review  articles  by  Laudise  and  Nielsen,9  and 
Laudiae.10  These  articles,  particularly  that  of  Laudise  and  Nielsen, 
also  wpha«i»e  the  hydrothermal  process  for  quarts  work. 

While  we  were  in  the  process  of  setting  up  the  pilot  line, 
Laudise,  Kolb  and  Caporaso,8  published  their  first  paper  concerning  the 
hydrothermal  growth  of  zinc  oxide  crystals.  Thwy  used  small  silver- 
linsd  Morey  type  vessels  and  so  all  the  data  they  presented  was  not 
easily  translated  to  the  larger  vessel  of  the  pilot  line.  Their  sol¬ 
vent,  its  concentration,  temperature  range  date,  etc.,  did  provide  an 
excellent  starting  placs.  In  fact,  other  than  working  at  higher  pree- 
surea,  the  growth  parameters  currsntly  used  are  not  too  different  from 
the  original  data  of  laudise  et  al. 


2.0  PILOT  LIME 


2.1  Molten  Salt 

2.1.1  Floor  Layout  and  gquipwen* 

The  floor  plan  for  the  ZnO  crystal  growth  pilot  line 
is  shown  in  Figure  2.  The  figure  shows  the  location  of  our  three  inch 
sol  ten  salt  furnaces,  the  10  inch  furnace,  the  hydrothermal  pit  and 
general  work  areas.  The  molten  salt  crystal  growth  was  mostly  perform¬ 
ed  in  the  ten  inch  and  three  inch  furnaces  described  in  the  follow¬ 
ing  section. 

2.1.2  The  Ten  Inch  Furnace 

The  metal  shaTl  of  a  vertical  10  inch  1.0.  American 
Electric*  g lobar  furnace  was  used  to  house  a  ceramic  interior,  see 
Figure  3.  The  bottom  of  the  metal  ahell  was  welded;  however ,  the  top 
was  only  bolted  down  as  was,  therefore,  easily  removed.  Thus,  the 
furnace  interior  could  be  inserted  from  the  top.  The  furnace  interior, 
shown  in  Figure  4,  and  fabricated  by  Research  and  Development  Co. -  was 
■*de  in  two  pieces.  The  dotted  line  in  Figure  4  shows  the  individual 
sections  (the  aluaina  core  is  one  piece).'  The  furnace  consists  of  the 
following: 


1.  A  cast  aluaina  corm  and  cast  furnace  lining. 

2.  A.P.  Green's^  type  Sal r- set  bonding  cement. 

3.  High  temperature  firebrick,  type  K- 30  and  medium 
temperature  insulating  brick,  type  1C- 20,  both  supplied  by  Babcock  and 
Wilcox.*"* 


The  high  purity  cast  aluaina  core  and  aluaina  lining 
are  necessary  to  withatand  the  PbFa  vapors  at  elevated  temperatures. 

The  pedestal  and  plug  are  also  cast  from  high  purity  aluaina  and  are 
supplied  by  Research  and  Development  Co. H  A  typical  10  inch  furnace 
pedestal  and  plug  are  shown  in  Figure  5.  Positioning  of  the  pedestal 
was  varied  during  the  course  of  the  work  as  indicated  in  Tables  II  and 
III  of  Section  3.1.2. 

Using  normal  furnace  loading,  the  inner  furnace  parte 
had  to  be  changed  every  6  to  9  months.  The  tearing  down  and  rebuilding 
usually  took  one  technician  about  one  week  to  accomplish  after  the 


♦  American  Electric  Furnace  Co.,  Boston,  Massachusetts. 

♦  Research  and  Development  Co.,  New  Market,  New  Jersey. 
A  A.P.  Green  Firebrick  Co.,  Pennsylvania. 

•M-  Babcock  and  Wilcox,  New  York  17,  New  York. 

Research  and  Development  Co.,  New  Market,  New  Jersey. 


AUTOCLriVE  CONTROLS 


Figur a  2  -  Floor  Flan  -  Hydxotbarmal  Laboratory 


Figure  3-10  Inch  I.D.  Furnace 
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Pilot  Line  (Continued) 

furnace  had  cooler*  to  r oon  temperature  (cooling  to  room  temperature 
would  take  4  days.)  Normally,  the  core  waa  considerably  swelled  and 
the  plug  was  bonded  to  the  upper  portion  of  the  core  due  to  solvent 
attack;  thus  neither  the  plug  nor  core  was  easily  removed.  The  most 
successful  method  used  was  to  forcibly  extract  the  plug  plus  upper 
core  half  by  bmaos  of  an  overhead  block  and  tackle.  The  lower  portion 
of  the  core  was  chipped  away  with  a  hammer.  The  remainder  ot  the  fur¬ 
nace  insides  ere  either  lifted  out  or  chipped  away  depending  upon  the 
extent  of  solvent  attack.  Oice  the  furnace  was  reassembled,  a  slow 
initial  warm-up  cycle  was  necessary  in  order  to  remove  water  and  pre¬ 
vent  cracking  of  ceramic  parts.  The  furnace  was  allowed  to  heat  to 
250  -  300  *C  a.  a  rate  of  15 °C  per  hour  and  then  held  at  that  temper¬ 
ature  for  24  boors,  after  which  the  furnace  was  brought  rapidly  to 
temperature. 

Four  0.020  inch  diameter  platinum  vs.  platinum  13 
percent  rhodium  thermocouples  are  used  to  either  control  the  furnace 
or  indicate  the  temperature  at  a  desired  location.  The  control  ther¬ 
mocouple  and  one  indicating  thermocouple  are  located  in  the  heating 
element  region.  These  are  shown  in  Figure  4.  The  control  thermocouple 
is  placed  In  the  heating  element  area  in  order  to  sense  and  adjust 
temperature  fluctuations  before  they  affect  crystal  growth.  A  second 
indicating  thermocouple  is  located  in  the  plug,  and  the  last,  but  most 
important  thermocouple  is  located  in  the  pedestal,  see  Figure  5.  The 
pedestal  thermocouple  is  positioned  less  than  1/4  inch  away  from  the 
crucible  floor,  and  was  used  to  indicate  "hold"  and  pour  temperatures. 

The  pedestal  thermocouple  rotates  with  the  pedestal 
daring  the  soak  period  (fast  rotation)  and  cooling  cycle  (slaw  rotation). 
It  was,  therefore,  necessary  to  provide  adequate  voltage  transmission 
to  the  potentiometer  while  the  thermocouple  was  rotating.  This  was 
accomplished  through  use  of  a  slip  ring  device  which  is  shown  in 
Figure  6.  The  thermocouple  leads  are  soldered  to  brass  rings  which 
make  continuous  friction  cor.  tact  to  copper  wipers.  This  device  was 
manufactured  at  Airtron  and  enables  a  continuous  indication  of  the 
temperature  throughout  the  crystal  growth  run. 

The  10  inch  furnace  was  equipped  with  an  elevator 
and  crucible  rotating  weehanism,  which  are  shewn  in  Figure  7.  The 
elevator  system  is  used  to  raise  and  lower  the  pedestal  in  order  to 
insert  and  remove  crystal  growth  runs.  The  elevator  system  is  driven  by 
a  3  phase  AC  motor,  Type  P,  Model  D56C,  manufactured  by  Doer r  Blectric 
Co. +  It  consists  of  a  pedestal  platform  which  is  driven  by  four  ro¬ 
tating  screws.  The  crucible  rotating  mechanism  is  used  to  aid  solution 
of  the  constituent  oxides  during  the  hold  period.  It  consists  of  chain 


+  Doerr  Blectric  Co.,  Cedarsburg,  Virginia 
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Pilot  Lin*  (Continued) 


driven  bearing*  aountad  in  the  pedestal  platform.  The  motor  drive 
for  the  rotatinq  cvitva  ia  equipped  with  an  electric  clutch  to  pre¬ 
vent  abrupt  starting  and  stopping  of  the  pedestal.  The  motor,  typm 
HB-3P,  and  electric  clutch.  Part  No.  334374-1,  operate  aa  one  unit  and 
arm  supplier!  oy  nwtt  ongiand  Geer  Htna*  and  Baton  Manufacturing  Co.-, 
respectively.  Thm  motor  drives  at  90  row  to  a  1  to  3  gear  sprocket 
rmduction  which  turn*  thm  pmdmatal  at  30  row .  Thm  typical  rotating 
cyclm  ummd  ia  described  in  Smctlon  2.1.6,  Seed  Crystal  Growth  Conditions. 

Dum  to  thm  wmight  at  thm  welt  plum  crucible  (55  to 
75  pounds),  a  spmcial  dmvlcm  is  needsd  for  thm  pouring  or  unloading 
opmration.  A  drawing  of  this  device  is  shown  in  Figure  0.  A  smt  of 
metal  jaws  insulatmd  with  Fibmrfrax  shmmt  ia  ciampwd  onto  thm  cruciblm 
and  supporting  ceramic  platm  and  thm  pmdmatal  ia  lowmrmd  away.  Thm 
un loader  plum  cruciblm  ia  roilmd  down  a  track,  thwn  twistmd  so  am  to 
enable  thm  liquid  to  pour  slowly  into  s  sand  box. 

Hmating  elemmnts  arm  a  major  consideration  when  attemo- 
ting  crystal  growth  on  a  large  scale.  During  the  earlier  runs,  Nortons 
"Hot  Rods"  and  Carborundum^  "Glo-bars"  wmrm  used  unsuccessfully.  Thssm 
elements  were  matched  to  the  power  input  but  usually  did  not  laat  more 
than  6  to  8  weeks.  With  a  lifs  ties  of  0  to  0  wmmks,  it  was  impossible 
to  be  sure  that  a  second  run  would  proceed  to  f  .at»<stlon. 

Morganitm-*"*  spiral  cut  hmating  elements  (manufactured 
by  Crucilite  in  England)  are  presently  used.  These  double  glazed  11/8 
inch  diameter  elements  are  resistance  matched  to  .mss  than  2  1/2  percent 
and  have  an  operating  lifetime  of  about  6  months.  These  elements  usu¬ 
ally  last  as  long  as  the  furnace  lining  and  aiu  standard  for  the  pilot 
line. 


In  order  to  insure  identical  aging  cf  the  heating 
elements,  it  would  be  ideal  to  have  a  completely  parallel  power  hook¬ 
up.  Unfortunately,  the  available  power  equipment  and  the  resistances 
of  courser ciai  heating  elements  are  not  compatible  with  such  a  hook¬ 
up;  therefore,  the  design  shown  in  Figurs  9  was  used  as  an  altsrnative. 
This  alternating  two-bank  series  parallel  design  should  approximate 
uniform  heating  even  though  the  two-banks  may  agm  differently.  The 
elements  are  located  45°  apart  on  a  16  inch  bolt  circle;  this  places 
the  center  of  each  element  2.5  inches  from  the  outside  diameter  of 
the  alumina  core. 


+  New  England  Gear  Works,  South  Hampton,  Connecticut. 

*  Eaton  Manufacturing  Co.,  Xenoeha,  Wisconsin. 

A  Horton  Co.,  Teterboro,  New  Jerawy. 

A  Carborundum  Co.  Niagra  Falls,  New  York. 

Norganite  Co.,  3302-3320  40th  Avenue,  Long  Island  City,  New  York. 


Pifui  •  -  (kuplng  Ai« 


I  X 

7  S 

K-  > 


1  to  3 
»  to  7 

2  to  4 

•  to  • 


Koto  I 

Aucnaea  Load  la  Win  -  Mo.  4 

Mnrtoa  Typo  A  Binding  Moot  to  Bis os at  Straps 

Morton  Si  so  A  Strap  to  KLooont  Clasp# 


Mo.  A -104 


Botte 


1  to  7 

3  to  5 

2  to  4 

4  to  4 


Note: 

Transform 

Varied  fr 


Oatpot  Voltage  Nay  Bo 
13B-141  Volts 


Vigors  9  -  debar  Hook-Op 


•  o  o*  > 


m>sM 
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The  tMD«r*turt  control  equipment,  saturable  rMetor, 
poanr  transformer  and  atrip  chart  recorder  (/or  temperature  raid  oat) 
wara  purchaaad  from  Minneapolis  Honeywell  Co.*  Tha  Sack-  program  con¬ 
troller  was  also  supplied  through  Minneapolis  Honayaall .  Thaaa  components 
axa  ahoau  with  tha  a^roptiata  intarconnactioos  to  tha  tuinaca  in  Figura 
10.  Alao  ah  own  ara  tha  elevator  and  rotating  aachani  an  wiring. 


Tha  temperature  control  la  accomplished  through  uaa 
of  a  platinum,  platinum  13  par  cant  rhodium  thermocouple.  Tha  tberao- 
coupla  aira  is  0.20  inchaa  in  diameter,  and  ia  ttoglahard'a^  standard 
grada.  Tha  location  of  tha  control  tharmoooopla  ia  abeam  in  Figura  4. 
All  tha  thermocouples,  including  tha  control  tharmoooapla ,  ara  lnamJU 
atad  with  McDanel^  typa  A82T116316  round,  doobla  bora  inaulatioo.  Tha 
tharmocoopla  plan  inaulatioo  ia  placad  in  an  alumina  prot action  tuba, 
typa  aftt  14.  Tha  tharmocoopla  ia  connected  tons  alaotrocic  nail* 
balanca  racordar  controllar  (aaa  Figura  10),  tha  callbratad  accuracy 
of  «6iich  ia  0.3  parcant  of  tha  span  or  ♦  O.iat.  Tha  actual  cooling 
o*  tam>aratura  loaaring  ia  accoapliehed  with  a  Back  control  unit  cal> 
ibratad  fremi  0.3  to  10*^0  par  hour.  Unfortunately,  tha  Back  unit  aaa 
only  ba  uaad  for  cooling.  Warm-up  pr  oca  dura,  at  tha  r  from  a  cold 
furnaca  or  a/ tar  a  run  has  bawn  poured,  auat  ba  accoapliahad  by  a 
manual  control  located  on  tha  Blectro-Volt  Controllar ,  (aaa  Figura  10). 
Tha  mra-up  procecfcire  from  a  cold  furnaca  haa  baan  previously  described; 
warming  up  to  "soak"  tamparatura  aftar  a  poor  normally  takas  fr<~«t  6  to 
10  hours.  Furnaca  power  ia  regulated  by  tha  control  unit  throv  •  sa 
of  a  aaturabla  raactor,  (aaa  Figura  i0). 


2.1.3  Tha  Three  Inch  Furnaca 


Tha  four  threu  inch  furnaca  a  wara  similar  in  daaign 
and  construction  to  tha  tan  inch  furnaca.  A*  with  tha  tan  inch  furnaca, 
***•  three  inch  ia  uaad  to  dasignata  tha  i.d.  of  tha  cor  a.  Bacanee  of 
similarity  co  tha  tan  inch  furnaca  a  oomplata  construction  adit- 
aatic  is  not  presantad.  Figure  11  shows  the  critical  internal  dimen¬ 
sion  and  thermocouple  position.  Tha  dimer sion  of  tha  core  was  such 
that  250  milliliter  platinum  crucibles  were  used  as  vessels  for  crys- 
growth.  Tha  position  of  the  pedestal  and  crucible  ware  varied 
throughout  the  course  of  tha  work;  position  data  ara  included  in  Table 
III. 


Minneapo_ia  Honeyamll  Co.,  Route  22,  Obion,  Hew  Jersey. 

Harold  Back  Co.,  3640  North  Second  Street,  Philadelphia  40,  PWnna. 
Hpglehard  iDdoatriea,  113  Aator  Street,  Newark,  New  Jersey. 
McDanel  Refractories,  Beaver  Falla,  Pennaylvagia . 
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Pilot  Line  (Continued) 

These  furnaces  are  heated  by  aix  Globars  virad  a  a 
thraa  series  strings  of  two  bars  in  pmrallal  across  tha  308  volt 
lina.  (Figure  9)  All  ara  saturabla  cora  raactor  controllad. 

Tha  temperatnre  control  units  for  thasa  furnaces  ara 
all  Mast  Instrument  Corporation,  Modal  JS9S-  38  controllars.  Thasa  units 
consist  of  tha  taaparatura  ccntrollsr  which  is  oparatad  on  tha  princi- 
pla  of  a  baaa  of  light  shining  on  a  photocall.  Tha  baaa  is  inter- 
ruptad  by  a  flag  as  tha  taaparatura  approachas  tha  sat  point.  Tha  pro¬ 
portional  band  which  drivaa  tha  aagnatic  amplifier  and  tha  saturabla 
cora  raactor  is  deterainad  by  tha  amount  of  light  incident  on  tha  photo¬ 
cell.  Tha  power  input  to  tha  Turn a  on  is  proportional  to  tha  photocell 
output.  Thera  is  also  a  caa  driven  by  a  synchronous  aotox  for  program- 
aing.  By  incorporating  various  tiaara  and  interrupters  in  tha  circuits, 
it  is  possible  to  control  tha  rata  of  change  of  taaparatura  over  a  range 
of  one- half  degree  par  hour  to  fifty  degrees  centigrade  par  hour.  Tha 
linit  of  control  at  constant  taaparatura  is  about  plus  or  minus  two 
degrees  centigrade. 

While  tha  taaparatura  control  is  not  nearly  aa  sophis¬ 
ticated  on  tha  smaller  furnaces,  tha  batter  control  is  not  really  neces¬ 
sary.  Tha  very  fine  temperature  control  referred  to  for  tha  10  inch 
furnaces  is  necessary  for  any  production  type  work.  Tha  smaller  3 
inch  insida  diameter  furnaces  ara  used  to  obtain  soma  of  tha  process 
information  which  is  applicable  to  tha  larger  furnacas.  Much  of  this 
information  can  be  obtained  on  equipment  which  is  not  nearly  aa  precise 
aa  tha  control  equipment  used  on  tha  larger  furnaces.  Tha  vary  fine 
equipment  will  undoubtedly  yield  batter  crystals.  Tha  small  furnaces 
are  intended  more  to  yield  information  than  crystals.  Tha  process 
improvements  ara  expected  to  yield  more  crystals  par  run  aa  wall  as 
higher  quality  crystals. 

Tha  same  kind  of  statement  oan  be  made  about  tha 
elevators  and  stirrers  fox  these  furnacas.  While  the  requirements  ara 
not  as  great;  that  la,  the  elevator  is  only  required  to  lift  a  few 
pounds  and  the  stirrer  ia  required  to  rotate  the  same  small  moss  of 
charge,  it  was  felt  that  standard  elevators  and  the  stirrers  with  as 
many  interchangeable  parts  aa  is  feasible  would  allow  the  maximum 
utilization  of  equipment. 

The  elevator  is  simply  a  convenient  method  of  admit¬ 
ting  the  saaple  to  the  furnace.  The  stirrer  serves  to  reduce  tha  length 
of  time  required  to  soak  and  dissolve  zinc  oxide  in  the  lead  fluoride. 
Stirring,  for  example,  makes  the  zinc  oxide  go  into  solution  in  one  or 
two  hours  at  1150 °C  where  it  would  take  several  hours  at  1250 °C  with¬ 
out  stirring.  It  might  not  even  be  possible  to  dissolve  the  material 
at  1150 °C  without  stirring.  Barly  work  by  Nielsen7,  indicates  that 
zinc  oxide  should  dissolve  at  1150 °C  with  no  trouble.  These  tempera-' 
tures  are  control  thermocouple  temperatures  while  Nielsen  referred  to 
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muffle  or  cor*  temperatures .  Bvsn  though  th*  smaller  furnaces,  see 
Figure  12  for  a  comparison  with  th*  10  inch  furnace,  do  not  require 
th*  eievator  and  stirrer  power,  it  was  decided  that  standardising  the*' 
components  would  be  advantageous-  For  this  reason,  *.11  th*  elevators 
are  as  nearly  identical  as  furnace  dimensions  will  permit. 

2.1.4  Materials  and  Purity 

For  the  growth  of  ZnO  by  the  molten  salt  technique 
only  two  chemicals  are  required,  ZnO  and  PbPj ,  »>»<«■*»  were  purchased 
frau  Fisher  Scientific  Co.*  and  Baker  and  Adamson,**  respectively. 

The  sine  oxide  eas  the  Fisher  CERTIFIED  ACS  Grade  which  is  99.8*4 
purity.  The  PbF*  eas  B&A  Reagent  Grade  which  analysed  ae  99.8*4  PbF». 

Cleaning  chemicals,  acids  tot  the  platinum  crucibles 
and  NaNO)  for  the  crystals  were  technical  grada  obtained  from  various 
chemical  houses. 


2.1.5  Weighing  and  Loading  Procedures 

Th*  ZnO  and  PbF3  powders  were  carefully  weighed  on 
a  chemical  balance  of  suitable  else.  Th*  balance  used  wan  different 
for  batches  for  3  inch,  6  inch  and  10  inch  furnaces.  The  general  pro-- 
cedure  in  loading  the  crucibles  was  to  pack  the  ZnO  powder  on  the  bottom 
of  the  crucible  and  to  pack  the  PbP*  on  the  top.  By  using  this  pro¬ 
cedure  it  was  felt  that  as  th*  heavier  f^>Fa  eel  ted  and  flowed  down¬ 
ward  it  would  help  in  dissolving  the  ZnO.  A  tight  fitting  cover  was 
then  placed  on  the  crucible  and  the  sides  of  the  lid  criaped  so  a*  to 
maximize  the  closure  of  the  crucible. 

The  platinum  crucibles^  used  in  this  work  were  of 
three  sizes:  1)  8  inches  in  diameter  by  8  inches  high  and  .050  inch 
thicx  walls,  2)  5  1/4  inches  in  diameter  by  5  1/4  inches  high  and  .050 
inch  thick  walls  and  3)  3  1/2  inches  in  diameter  by  2  1/2  inches  high  and 

.030  inch  thick  walls. 

The  usual  or  typical  quantities  of  PbPa  and  ZnO  charge 
to  the  three  sizes  of  crucibles  are  in  the  same  ratio  as  used  by 
Nielsen  and  Dearborn7  and  axe  presented  in  Table  I. 


*  Fisher  Scientific  Co.  1080  Lou  son  a  Rd. ,  Union,  New  Jersey  07083. 
+*  Baker  &  Adamson,  General  Chemical  Division,  Allied  Chemical  Corp. 

P.0.  Box  70,  Morristown,  New  Jersey. 

A  Baker  Platinum  Division,  Bnglehard  Industries,  Newark,  New  Jersey. 
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TABLE  T 


Tvpical  Molten  Salt  Opposition  for  ZnO  Crystal  Growth 


'4gt  ZnO  {grams ) 

Wgt  Pbr 2  ‘{'grams) 

Males  ZnO 

Moles 

PbPa 

3" 

44 

400 

0.54 

1.63 

6” 

322 

*29  30 

3.  95 

11.95 

M 

o 

3 

1320 

12000 

16^20 

48.92 

In  'loading  the 

ten  inch  furnace  the 

cat.  was  held 

in 

the  ja am  of  tho  mechanical  loader  and  placed  on  top  of  the  pedestal . 
Loading  of  the  6"  and  3"  furnace  was  note  easily  accomplished  Harm- 
ally  with  tongs  of  the  proper  ;fze  and  shape  to  hold  the  crucible. 


2.1.6  Seed  Crystal  Growth  Conditions 

Again  a  general  procedure  and  conditions  are  presented 
here  in  this  section;  individual'  experinents  wherein  various  gradients 
were  enployed  will  be  described  in  later  sections. 

In  any  of  the  furnaces  used  the  pedestal  with  the 
can  resting  on  top  was  raised  into  the  preheated  furnace.  The  pedestal 
position  was  varied  in  order  to  optimize  the  gradients  for  the  best 
crystal  growth.. 


The  charged  crucible  was  soaked  at  a  temperature, 
usually  ri50 °C  for  a  niminua  of  two  hours  while  rotating  the  pedestal. 
The  rotation  cycle  was  as  follows:  25  seconds  clockwise,  5  seconds 
stop,  25  seconds  counterclockwise,  5  seconds  stop  and  repeat.  It  was 
found  that  without  rotation  much  longer  soak  periods  were  required 
in  order  to  obtain  complete  dissolution.  At  the  end  of  the  soak  period 
this  rotation  was  stopped  and  the  cool-down  began.  Depending  upon  the 
size  of  the  furnace  and  specific  goaj  of  each  run  the  cooling  rate 
was  varied  from  0.5°t/hour  to  7°t/hour .  In  the  smaller  furnaces,  the 
faster  cooling  rates  of  3-  7  °C/hour  were  employed  since  the  temperature 
control  was  probably  limited  to  1-2°C.  In  the  large  furnace  rates  down 
to  0 . 5  °r')rhrxix  were  employed^  The  cool  down  period  was  terminated  at 
1050 °C  which  meant  a  cooling  period  of  24  to  300  hours  depending  upon 
the  rate  employ ea. 

2.1.7  Unloading  Operation 

At  about  1050  °C  -  1080  °C,  depending  on  the  imposition 
used,  the  crucible  is  rapidly  withdrawn  and  the  excess  liquid  is  poured 
off  the  crystals. 


t 
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Preparations  prior  to  the  pouring  cperatioo  tra  wry 
isportairt.  *he  toxicixy  o f  lead  fluoride  rapora  necessitates  txtraat 
care  in  handling.  Three  people  ( ai niwxm \  are  required  to  pour  a  large 
run.  (kxe  sun  operates  the  elevator  and  uirects  the  sovseanta  of  the 
unloading  device;  he  also  la  responsible  for  reeoving  the  crucible  oo- 
ver.  The  second  aan  handles  the  unloading  device  and  doe a  the  actual 
pouring.  A  third  aan  holda  an  exhaust  snorkel  directly  above  the  cru¬ 
cible  during  the  entire  operation.  The  second  and  third  sen  are  equip- 
ped  with  appropriate  gas  masks  (Model  H,  plus  canister  BA  81324,  manu¬ 
factured  by  Mine  Safety  Appliance  Co.*  )_  Also,  during  the  entire  pour¬ 
ing  period,  a  high  volume  roof  exhaust  fan  is  in  operation. 

The  actual  pouring  operation  should  be  accomplished 
in  less  than  10  minutes  to  prevent  the  liquid  from  f reeling.  The  se¬ 
quence  of  events  consists  of  the  following : 

a.  Prepare  equipment ,  tun  on  exhaust  fkns,  and 
put  on  gas  masks,  as  described  above. 

b.  Lower  pedestal  and  grab  crucible  with  jaws  of 
unloading  device  (1-2  minutes). 

c.  Run  pouring  device  down  track  and  remove  cru¬ 
cible  cover  fl/2  -  1  minute). 

d.  Pivot  unloading  device  and  slowly  pour  liquid 
into  sand  box  or  water  cooled  metal  container  (4-3  minutes). 

e.  If  the  crystals  are  floating,  they  should  be 
prevented  from  escaping  with  the  liquid.  This  is  normally  done  by 
holding  a  metal  rod  across  the  rim  of  the  crucible  near  the  pouring  area. 

With  the  smaller  crucibles  the  same  health  safety 
precautions  were  taken  with  the  use  of  gas  masks,  and  venting  of  the 
fumes.  The  flux  pouring  was  essentially  the  sane  except  that  manually 
operated  forceps  were  used  to  remove  the  crucibles  and  pour  the  flux. 

2.1.8  Crystal  Separation  and  Cleaning 

After  the  platinum  crucible  has  cooled  to  room  temper¬ 
ature,  it  is  gently  tapped  with  a  plastic  hammer  to  loosen  the  crystals 
which  sure  attached  to  the  waJ.1  and  floor. 

The  usual  flux  removal  technique  for  cleaning  crystals 
employ  one  or  more  acids.  Zinc  oxide ,  though  a  rsfrsctory  material  is 
quite  readily  attacked  by  acids  and  so  a  different  procedure  had  to  be 


Mine  Safety  Appliance  Co. 
Pennsylvania 


201  North  Braddock  Avenue,  Pittsburgh, 
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developed. .  Sijq>ie  Mchanlcil  rwovil  of  the  flax  by  grin  dlag,  •  ex  aping 
•te.  mi  not  poaalbia  biciuM  of  fragility  of  ttc  this  ZhO  platoo. 

A  lanhit  <tt  f far eot  ipproMb  m—  required  to  do— 
the  ZnO  crystals  of  any  severing  Pt>Fj  flux.  Ths  piooidin  which  was 
developed  «—  a*  follow: 


1.  The  ZnO  platoo  with  sAerlng  flax  woro 
placed  in  a  stainloaa  stool  scroon  basket.  (2*  dls—tor) 

2.  This  «»  thoo  icrered  into  a  290ec 

platinum  craciblo  which  contains  wo  It  on  NaJSOj  (mp  307*C). 

3.  Af  tor  oovoral  also  too  la  aolton  NtNOj,  ths 
baakot  was  slowly  withdrawn. 

’  "ft  v-  **•  **  4  *•"  ■■  .  " 

4.  Af  tar  cooling  la  air  to  roaa  t  sapors  taro  tho 
baakot  with  tho  platos  was  placod  in  a  beaker  which  was  being  flooded 
with  hot  water. 

5.  Tho  cleaned  platoo  wore  then  washed  with 
distilled  water  and  air  dried. 

This  procedure  was  quite  satisfactory.  The  Molten 
NaNO,  did  not  attack  the  ZnO  crystal  but  did  react  with  adiering  Fbfj 
to  fora  water  soluble  Fb(NOj)a  and  the  just  slightly  lees  soluble  HaT. 
The  combination  of  nolten  KaNOj  followed  by  hot  water  proved  to  be  a 
satisfactory  approach  to  cleaning  the  molten  salt  ZnO  platas. 

2. 2  Hy  drothermal 

2.2.1  Laboratory  Facility 

A  pilot  line  for  the  hydrothermal  growth  of  large 
ZnO  crystals  was  designed  and  assemblsd.  A  20- f set  long  x  4-feet  wide 
x  4-feet  deep  pit  with  reinforced  concrete  walls  was  constructed  in  the 
laboratory  to  contain  the  autoclaves  and  furnaose  when  in  deration. 

This  pit  provides  personnel  protection  against  scalding  or  fragmentation) 
which  could  result  from  equipment  malfunction.  The  pit  contains  six 
furnaces,  four  large  ones  for  the  large  A-284  autoclaves  and  two  for 
the  small  Waspalloy  vessels ,  and  a  saturable  core  reactor  for  each 
furnace.  At  one  end  of  the  pit  is  located  a  samp  and  automatic  pump 
in  the  event  of  ground  water  seepage  into  the  pit.  This  sump  area  of 
the  pit  is  also  used  for  cleaning  and  cooling  of  the  autoclaves.  This 
equipment  was  obtained  under  Air  Force  Facilities  Contract  AF**(S37)- 
12307. 


Ths  furnace  heights  are  adjusted  so  that  the  tops 
of  the  autoclaves  are  just  floor  lsvel.  The  pit  area  is  covered  by 
removable  steel  grill  sections.  Mounted  oo  the  nearest  wall  are  the 
temperature  controllers  and  programmers  for  the  hydrothermal  furnaces. 
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A  on*- thousand  pound  capacity  travailing  hoist  it  aountad  overhead  so 
that  tha  autoclavas  wav  bw  raadily  aovad. 


Tha  laboratory  la  also  provldnd  with  chemical  work 
baochas  for  silvar  can  praparation,  loading  and  storage.  A  fume  hood 
and  largo  overhead  axhaust  fan  supply  vwntilatioa  for  protaction  against 
chawical  vapors. 


A  floor  pl«n  of  tha  laboratory  showing  its  hydrother- 
sai  and  aoltan  salt  facility  is  shown  in  Figure  2.  Figaro  13  is  a 
photograph  of  tha  pit  araa  showing  tho  largar  fur na css  and  autoclaves. 


2.2.2 


rothari 


Crys tal  Growth  Autoclavas 


In  ordar  to  grow  crystals  weighing  150  grans  or  mora 
as  specified  in  tho  contract,  it  was  nocassaxy  to  purchase  vossols  of 
sufficiont  cavity  siso  to  contain  such  crystals.  Tho  cavity  also  was 
largo  onough  so  that  crystals  at  loast  two  inchos  in  width  coaid  bo 
grown  in  suitable  silver  cans. 


Of  tho  available  water ials  for  autoclave  construction, 
that  of  wsxisuw  pressure  and  towporaturo  (P-T)  Unite  was  chosen  since, 
at  the  tine  of  purchase,  these  variables  for  crystal  growth  were  not 
known.  It  was  also  necessary  to  seloct  a  seal  design  capable  or  con¬ 
taining  the  high  pressure  tewperature  conditions.  As  s  result  of  these 
criteria,  the  vessel  as  shown  in  Pigura  14  was  chosen,  -  the  material 
of  construction  being  A- 286  whose  pressure- tewperature  ratings  are 
30,000  psi  and  590  #C  for  10, 000-hour  life. 


The  autoclaves  were  manufactured  by  Autoclave  Bngin- 
eers,  Inc.,  Brie,  Pennsylvania,  who  had  developed  what  is  called  a  "Mod¬ 
ified  Bridgman"  seal.  This  seal  is  that  used  by  Meatern  Electric  and 
others  for  quarts  manufacture  and  believed  to  be  the  best  workable, 
high  tewperature,  high  pressure  seal.  This  seal  is  described  ss  "self- 
energizing"  since  it  relies  upon  the  internsl  pressure  developed  by 
the  fluid  under  growth  conditions  to  provide  for  sealing  force.  The 
vessel  is  initially  sealed  by  the  wain  nut's  downward  thrust  on  the 
seal  ring  and  then  upward  thrust  on  tha  piston  by  means  of  the  set 
screws  in  the  lock  nut.  Opposite  screws  are  tightened  in  turn  by  mans 
of  a  torque  wrench  to  10  ft.  lbs.  each.  This  sealing  initially  causes 
the  seal  ring  to  make  line  contacts  with  the  autoclave  body  and  plunger. 
As  the  internal  pressure  develops,  the  plunger  is  thrust  upward  causing 
the  seal  ring  to  dafora  elastically  and  produce  surface  contacts. 

This  self-energized  seal  provides  better  sealing  ss  the  internal  pres¬ 
sure  increases. 


During  the  early  part  of  the  program  autoclave  fail¬ 
ure  developed  as  a  serious  problem.  Che  of  the  first  foar  autoclaves 
failed  because  of  s  flaw  in  the  original  ingot  from  which  it  had  bwwn 
fabricated.  The  failure  of  the  remaining  vessels  was  caused  by  strwss 
corrosion  cracking. 
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S om  fora  of  stress  and  the  presence  of  a  eorroeive 
atmosphere  arc  the  two  tlmnti  necessary  for  the  initiation  of  thia 
particular  typ*  of  failura.  In  tha  casa  of  hydrothermal  autoelavaa 
uaad  for  crystal  growth,  tha  forca  la  provided  try  tha  working  prasswra 
and  tha  corrosive  ataoaphara  la  tha  raault  of  occasional  laaka  in  tha 
nob la  natal  ( silver )  container  aaad  to  hold  tha  caustic  solutions. 

Tha  thraa  causes  of  laaka  in  tha  ailvar  cans  have  been*  1)  corrosion 
of  tha  ailvar,  2)  improper  prenort  balanca  leading  to  can  rupture , 
and  3)  faulty  welding . 


Experience  has  shown  that  even  a  United  exposure  is 
sufficient  to  instigate  this  corrosive  force  and  that  failura  can  occur 
at  same  later  data.  A  change  in  autoclave  design  was  suggested  to 
Autoclave  Engineers  to  sld  in  extending  tha  life  of  a  vassal  by  pre¬ 
venting  stress  corrosion  cracking  froa  occurring  too  extensively.  In 
ordsr  to  do  this,  it  was  suggestsd  that  tha  bo t taw  of  the  cavity  be 
changed  froa  conical  to  h  awl  spherical,  tha  conically  machined  tip  wi 
thought  to  be  a  place  of  high  stress  and  particularly  subject  to 
attack  by  base.  In  tha  five  vassals  which  failed  on  Contract  AF33(657)- 
8793,  tha  failura  in  each  casa  was  st  tha  canter  of  tha  bottaw  of  the 
vessel. 


This  conical  tip  was  also  questioned  in  view  of  tha 
rather  thin  wall  at  che  bo t tow  of  the  vassals.  It  was  suggested  that 
perhaps  a  thicker  bottoa  (increased  by  one  inch)  would  add  extra 
strength  to  counteract  any  applied  stress.  Oar  experience  with  two 
Maspslloy  autoclaves  with  2.5  inch  thick  bo t taws  had  been  favorable  in 
view  of  their  long  life  even  when  subjected  to  basic  solutions  at 
higher  pressures  and  temperatures.  Thsre  were  sews  dlffersnces  in 
conditions  to  which  the  two  types  of  vessels  had  been  subjected.  The 
Waspalloy  vessels  wars  used  for  ruby  growth  where  the  solvent  is 
ICjCOj  solutions  and  the  working  conditions  of  23,000  psi  and  523 *C; 
whereas,  correspondingly,  the  A-286  vessels  for  ZnO  growth  were  used 
with  KCH  solutions  at  7,500  psi  and  300®C. 

Autoclave  Engineers  concurred  that  these  modifications 
certainly  could  not  add  to  the  problsw  and  could  probably  help.  Cfcily 
slight  addition  in  cost  was  necessary  to  cover  production  of  the 
thicker  hemispherical  end.  Figure  15.  Two  such  vessels  were  purchased 
and  used  with  satisfaction  during  the  balance  of  the  program.  This 
design  change  has  now  been  incorporated  by  Autoclave  Engineers  in  all 
their  standard  crystal  growth  vessels. 

One  other  difficulty  is  noted  here  since  it  involved 
an  unpredicted  behavior  of  the  seal.  While  the  seal  ring  does  dsfora 
elastically  at  lower  pressures  and  tampers tures,  it  was  found  that 
plastic  daforaation  occur rad  at  higher  ta^ieratures  and  pressures 
(300 °C  and  20,000  psi)  which  werw  still  well  below  the  maximum  tewper- 
aturw  and  pressure  for  which  the  vessels  mere  rated.  This  deformation 
does  not  interfere  with  the  vessel  closure  but  does  necessitate  ma¬ 
chining  the  seal  ring  after  each  use  and  careful  preparation  of  all 
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Figure  15  -  Engineering  Drawing 


niot  (Cortlnutd) 

••Alin?  surfaces  prior  to  us*.  Machining,  lapping  tools,  and  tschaiquss 
to  produo*  reliable  scaling  of  th*  autoclaves  ar*  discussed  in  section 
2.2.8. 


2.2.3  Silver  Cana 


Noble  metal  containers  or  cans  are  used  in  order  to 
prevent  contact  of  the  autoclave  body  with  th*  basic  solution  used  in 
ZoO  crystal  growth.  This  is  necessary  since  th*  solution  would  cor¬ 
rosively  attack  th*  autoclave  eetais  under  hydrothermal  conditions. 

The  containers  were  made  of  seamless,  fine  silver  tubing  and  flat 
circles  of  th*  saw*  material.  The  baffle  and  seed  rack  were  also  made 
of  fin*  silver.  Th*  first  silver  cane  used  were  2  inches  in  diameter 
by  24  inches  long. 


Th*  design  of  th*  silver  can  was  changed  to  a  ooap late¬ 
ly  sealed  systwe  in  th*  course  of  the  prograa  for  two  reason*!  1)  in 
order  to  contain  the  large  crystals  and  2)  it  became  apparent  that 
better  pressure  balance  could  be  achieved  with  a  larger  can.  (See  sec¬ 
tion  2.2.4).  As  the  crystals  increased  in  size  it  was  noted  that  th* 
crystal  growth  at  th*  edges  near  the  silver  can  was  being  affected  by 
a  restriction  in  flow  of  the  fluid.  Therefor*  it  was  desirable  to 
make  th*  silver  can  as  large  as  possible.  The  second  can  design  is 
shown  in  Figure  16.  The  silver  materials  for  the  fabrication  of  th*  • 

cans  were  purchased  from  Handy  and  Harmon  Co. ♦  in  th*  form  of  flats, 
tubing  and  wire.  The  dimensions  of  th*  cans,  rack,  baffle  etc.  are 
shown  in  Figure  17.  After  normal  machining  and  cutting  to  th*  dimen-  . 

sions  specified  in  Figure  V  the  can  and  internal  rack  were  fused  to¬ 
gether  without  a  fluxing  agent  using  a  Miller  Weldert*  Model  330  AP, 
in  an  atmosphere  of  argon  gas.  The  final  sealing  of  the  can  after 
filling  with  seeds,  nutrient  and  fluid  is  described  in  section  2.2.10. 

2.2.4  Large  Can  Technique 

At  the  onset  of  this  Contract,  it  had  been  th*  prac¬ 
tice,  when  using  noble  metal  cans,  to  adjust  the  volume  of  the  can 
(internal  volume)  to  be  nearly  equal  to  the  remaining  autoclave  volume 
(external  volume).  The  problem  of  using  noble  metal  cans  rests  in 
the  different  equations  of  state  for  water  and  hydroxide  or  carbonate 
solutions.  Since  the  equations  are  different,  water  and  any  aqueous 
basic  solutions  of  the  same  percent  fill  and  at  the  same  temperature 
would  generate  different  pressures.  It  has  been  found  for  all  of  the 


+  Handy  and  Harmon  Co. ,  New  York,  N.Y. 
+-*•  Miller  Co.,  Appleton,  Wisconsin. 
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Flour**  17  -  EnointMnrina  Dr«wlno  of  Silver  Can  F»rt» 


common  hv'lrot'.ipr*  il  solvent  j  that  the  pressure  generated  bv  a  *ol ra¬ 
tion  is  less  than  that  of  pure  water. 

As  a  result  of  the*:-  Ufferences,  -n  adjustment  :>* 
the  fills  (internal  to  external)  mu-.  be  made  so  that  - t  temperatures 
the  sue  f or  ce  is  exerted  bv  the  base  and  water  Any  j'ave  in-balance 
of  rill  conditions  would  lead  to  severe  compressive  or  ex-ansive 
damage  to  the  can  which  could  lead  to  dev.  elopment  of  a  leak.  Because 
of  the  pres  sure- temperature  behavior  of  these  fluids,  there  is  oniv 
one  pressure  and  temperature  condition  at  which  there  will  bo  perfect 
pressur®  balance  for  any  set  of  fil.s.  oee  Figure  18. 

The  void  external  volume  is  obtained  by  measuring 
the  volume  of  the  autoclave  when  e—pty  and  subtracting  the  oeometri- 
caily  calculated  volume  of  the  can.  The  percent  of  this  volume  to 
be  filled  with  water  is  defined  as  the  external  fill.  The  internal 
fill  is  similarly  defined.  It  is  obtained  by  calculating  the  volume 
of  an  empty  silver  can  based  on  its  geometry.  From  this  value  are 
subtracted  the  volume  of  the  seed  rack  and  baffle  (calculated  from  geo¬ 
metrical  forms)  and  the  volume  of  seeds  and  nutrient  (calculated  from 
weights  and  density  of  ZnO) .  This  value  is  then  the  void  volume  of  the 
can  and  the  percent  to  which  it  is  filled  with  JCCH  solution  is  defined 
as  the  internal  fill. 

The  figure  is  a  somewhat  exaggerated  pressure- temper¬ 
ature  diagram  for  water  and  a  basic  solution  capable  of  exerting  the 
same  pressures  at  one  temperature  only  If  one  follows  along  the  lines 
as  if  the  vessels  were  warming;  i.e  ,  the  temperature  is  increased, 
it  will  be  noted  that  below  the  point  (F,f)  the  external  or  water  pres¬ 
sure  is  greater  than  the  internal  or  base  pressure  and  chus  thb  ran  is 
under  compression  At  (P,T)  the  pressures  are  balanced  so  that  the  can 
is  subjected  to  neither  compressive  nor  expansive  forces.  Higher  tem¬ 
peratures  again  cause  an  imbalance  in  pressure  but  now  the  can  must 
expand.  Even  if  the  equations  of  stale  were  known,  the  can  would  be 
subject  to  compression  at  the  run  warm-up  and  cool-down;  however,  the 
fills  for  the  pressure- temperature  balance  point  might  be  calculated 
rather  than  arrived  at  by  experimental  observation.  Two  other  points 
are  worth  noting  at  this  time. 

In  addition  to  not  knowing  the  equa'.'^n  of  state  for 
the  basic  solution,  any  such  equation  would  not  be  quite  correct  since 
at  operating  conditions  the  solutions  contain  5-10  percent  ZnO,  and 
so  a  further  perturbation  of  the  equation  would  be  necessary.  Second, 
the  treatment  of  this  subject  has  been  presented  as  : hough  the  system* 
•ere  isothermal.  For  crystal  growth,  this  is  certainly  i.ot  the  case 
and  same  averaging  of  the  equations  would  be  necessary  to  apply  the 
data. 


The  problems  of  severely  working  the  silver  can  and 
matching  pressures  can  be  greatly  alleviated  by  the  use  of  a  can  which 
nearly  fills  the  autoclave  cavity.  This  technique  was  developed  during 
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the  Contract  who'i  vt  mi  thouoht  that  the  cans  sight  MMtiatt  be  cam- 
pl«*t#iy  cruiii»cl  wh#n  under  growth  conditions. 

By  using  th#  large  can  neither  of  ?h ese  corKti  ti  cxis 
ran  occur  as  rpadily.  For  pxarapl#,  if  the  mtwrnal  fill  la  larger  than 
it  should  b«  by  some  reaionablt  value.  the  can  will  be  undsr  compression 
(hiring  th#  warm-up.  Wh#n  th#  rrmsovir  point  is  r#ach#d,  and  th#  tem¬ 
perature  continues  to  incr#as#,  th#n  th#  can  undergo# s  expansion.  Sine# 
the  void  volume  is  so  snail  now  a  snail  p#tc#nt  change  of  th#  can's  <ii Man¬ 
sions  caused  by  expansion  leads  to  a  larg#  p#rc#nt  d»cr#aa#  In  th#  void 
volume.  The  large  decrease  in  void  volua#  also  baa  th#  wf f#ct  of  pro¬ 
ducing  a  correspondingly  large  increase  in  pressure  o  »  external 
volusc  and  hence  a  restoration  force.  In  oth«r  words .  sail  expan¬ 
sion  of  the  can's  dimensions  leads  to  a  relatively  lax  -cress#  in 
the  external  voluss  effectively  raising  its  percent  fil-  'urthermore, 
due  to  the  closeness  of  the  fit,  a  bulge  cannot  occur  in  '  one  re¬ 
gion  and  the  expansion  is  spread  out  over  the  satire  length  of  the  can. 

In  the  case  of  the  internal  fill  being  lower  than  it 
sdould,  the  can  again  will  be  under  compression  during  the  warm-’ip. 
when  the  operating  temperature  conditions  are  reached,  the  can  is  still 
under  compression;  however,  the  effect  is  now  less  since  the  small  com¬ 
pression  of  the  can  leads  to  a  large  increase  in  the  external  volume. 

This  increase  in  external  volume  essentially  leade  to  a  reduction  of 
the  fill  and  reacts  to  lower  the  compressive  force. 

With  fairly  accurate  filling,  only  slight  movement  of 
the  walls  is  required  to  produce  balance.  Thus,  the  gauge  pressure  is 
more  nearly  the  internal  pressure  and  the  external  fill  acta  only  as  a 
transmitting  fluid. 

For  the  low  pressure  work  the  internal  fills  were 

r  8 

obtained  from  the  data  of  Laudise  et  al  and  the  external  fill  from 
Kennedy's  Tables.  Fills  for  the  high  pressure  work  were  acquired  by 
extrapolation  of  the  compressive  fill  data. 

2.2.5  Hydrothermal  Furnaces 

The  furnaces  used  to  heat  the  autoclaves  are  shown  in 
Figure  19.  The  furnaces,  originally  designed  and  built  by  Research  & 
Development  Products,  Inc.,  New  Market,  New  Jersey,  consist  of  clam 
shell  type  of  heater  sections  constructed  of  Ni chrome  resistance  wire 
cemented  in  a  grooved  ceramic,  insulating  wool  materials  and  outer 
metal  shells. 


Since  the  bottom  section  of  the  autoclave  must  be  the 
hotter  section,  it  was  found  that  the  bottom  should  reewive  the  greatest 
power  and  only  slight  or  auxiliary  heating  was  necessary  in  ordsr  to 
level  out  or  adjust  the  proper  temperature  difference  between  sections. 
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Figure  19  -  Furnaces  Used  to  Heat  Autoclaves 
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■  d  let  i  Con  1 1  nued ) 

-ftar  a  nusoar  of  failures  In  The  bor to*  section,  this 
section  m  re<ie*iun*d  »o  that  the  bottne  of  the  vessel  rested  on  an 
electric  ranoc*  h.'»tt>r.  The  s.un  heat  *a ■  applied  to  the  bottom  of  the 
bv  thu  piprtric  ranqa  element.  Figure  20  ^letter  contact 

»nd  sort  even  heat  'attribution  «n  achieved  by  placing  an  B"  sr  8"  x  1/2" 
^.ainlcii  iteal  plate  over  this  heater. 

it  »«•  found  that  the  aaount  of  power  for  a  fixed  eet 
of  condition*  >  o'.pd  j(»»»tiat  for  padi  combination  of  autoclave  vessel, 

furnace  and  controller.. 

2.2.6  Tpmperatur**  Control 


The  power  to  the  electric  ranee  surface  heating  el— set 
or  hot  plate  eletaent  i-<  controlled  by  a  saturable  core  reactor  through 
a  West  Programmer  Controller;  a  control  tbenaocouDle  is  cemented  to 
the  firebrick  ieaediately  below  the  hot  plate  el— stit.  The  clan  shell 
heater  is  also  controlled  by  the  West  instrument  by  means  of  a  manually 
sat  ratio  for  power  distribution  to  each  furnace  element.  This  dis¬ 
tribution  of  power  is  accomplished  by  the  S-92  option  of  the  West 
JSBG-  1R  Program  Controller,  which  allows  the  output  from  one  te— era- 
ture  controller  to  drive-up  to  three  saturable  reactors.  In  this  case 
only  two  reactors  are  used.  A  ichaaatic  of  the  control  syst—  and 
furnace  is  shown  in  Figure  21.  The  control  thermocouple  supplies  the 
input  signal  for  the  operation  of  the  controller  and  driver. 

The  temperatures  along  the  body  of  the  autoclave  were 
monitored  during  the  course  of  the  run  by  means  of  four  thermocouplss 
located  at  1  1/2"  9  1/2”,  21”  and  34"  from  the  bottom  of  the  vessel. 

The  temperature  wan  measured  using  a  Leeds  and  Jfcjrthrup  Millivolt  Po¬ 
tentiometer,  Catalogue  No.  8690. + 

The  functions  of  the  various  components  shown  in  Fig¬ 
ure  21  are  discussed  below.  A  &  B  are  components  of  a  Model  JS8G-  3R 
Temperature  Controller  manufactured  by  West  Instrument  Corporation, 
Chicago,  Illinois. 


A  -The  instuaent  usee  a  galvanometer  detector  pow¬ 
ered  directly  by  the  thermocouple.  An  opaque  "flag"  attached  to  the 
galvanometer  pointer  is  positioned  so  that  it  can  diminisn  the  light 
reaching  the  photocell.  The  photocell  current  is  the  input  to  a  mag¬ 
netic  amplifier,  rectifier  combination  which  has  a  d.c.  output  prop- 
portional  to  the  illuminated  area  of  the  photocell. 


Leeds  and  Northrup,  Philadelphia ,  Pennsylvania. 
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Figure  21  -  Schematic  of  the  Control  System 


Pilot  Line  (Continued) 

8  -  The  »#t  point  or  control  temperature  la  adjusted  by 
moving  the  light -photocall  unit  aithar  up-scale  or  down-scale  causing 
tha  temperature  indicator  to  "chase"  tha  photocall.  An  aluminum  can 
drivan  by  a  synchronous  motor  ia  machanically  connected  to  tha  lioht- 
photocall  unit.  Tha  shapa  of  tha  can  coatrola  tha  position  of  tha  light- 
photocail  unit  and  thus  tho  temperature. 

£  -  Tha  d.c.  output  of  A  la  fur  tha r  aaplifiad  to  a 
1#v®i  sufficiant  to  driva  thraa  saturabla  raactors.  Tha  raactor  drl- 
var  «n th  auxiliary  drivar  is  manuf acturad  by  West  Instruaant  Corporation. 

D  -  Tha  d.c.  output  from  C  is  dividad  and  mat  chad  to 
thraa  loads,  two  raactors  and  a  dummy  load  rasistor.  Individual  id* 
justment  of  tha  fraction  of  tha  d.c.  powar  raaching  aach  raactor  ia 
providad  for  This  allows  tha  ralativc  powar  output  of  aithar  raactor 
to  b«  adjusted.  Tha  unit  is  an  S- 92  faatura,  manufacturad  by  West 
Instruaant  Corporation. 

B  -  Tha  saturabla  raactors  ara  ratad  for  fiva  KVA, 

220  volt.  Tha  a-c  currant  passing  through  tha  raactor  ia  a  diract 
function  of  i-c  control  currant.  Tha  raactors  wara  manufacturad  by 
Wast  Instruaant  Corporation. 

F  -  Oiractly  connactad  to  tha  furnaca  units  ara  two, 

2  KVA  220  volt  variabla  auto- transformers ,  manufacturad  by  Superior 
Electric  Corporation,  Bristol,  Connacticut.  Tha  auto- transformers 
permit  the  adjustment  of  temperature  differences  between  tha  top  and 
middle  cylindrical  heater  by  limiting  thm  powar  in  tha  middle  heater. 

In  similar  fashion  tha  hot  plates  and  bottom  cylindrical  heaters  can 
be  adjusted. 


2.2.7  Pressure  Measurement 


Pressure  in  the  system  ia  obtained  by  diract  reading 
of  Bourdon  type  gauges  connactad  directly  to  tha  internal  cavity  of 
tha  autoclave.  Since  the  walls  of  the  silver  cane  are  deformed  under 
only  slight  pressure,  the  gauge  pressure  is  a  fairly  accurate  measure 
°*  th*  internal  pressure  of  the  can.  Ashcroft  Maxi safe*  gauges 
(Autoclave  Engineers,  Inc.,  authorised  vendor)  with  Monel  Bourdon 
tubes  and  F250-C  fittings  were  used. 

2.2.8  Equipment  Developed  During  Contract 

Use  of  the  autoclaves  and  associate  equipment  required 
t*1®  development  of  some  additional  tools  whose  necessity  had  not  bean 
anticipated. 


Autoclave  Engineers,  Erie,  Pennsylvania. 
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2.2.8. 1  Autocl»\»  Own«r 

Closure  is  achieved  with  manual  farce  only, 
according  to  the  technique  described  in  Section  2.2.2.  (Operation  of 
the  autoclaves  proved  that  the  man«'f acturer  1  s  recommended  technique 
and  tools  supplied  for  loosening  the  main  nut  after  a  run  were  far 
from  adequate.  In  order  to  unscrew  the  main  nut,  and  in  same  cases 
provide  the  only  possible  technique  for  removing  it,  a  new  anvil- 
type  tool  was  developed  (Figure  22  ).  This  tool  was  constructed  so 
that  it  could  easily  be  clamped  onto  the  main  nut  by  means  of  two 
bolts.  When  in  place,  two  steei  pins  in  the  tool  fitted  into  two 
opposing  hoies  on  the  side  of  the  main  nut.  The  pins  in  these  holes 
allowed  for  efficient  transmission  of  the  applied  torque.  For  opening 
the  autoclave,  this  torque  is  provided  by  striking  the  arms  of  the 
anvil  openers  with  ten-pound  hammers  No  pressure-temperature  or  leak 
condition  produced  sealing  of  the  vessel  which  could  not  be  opened  by 
this  tool. 


2  2.8.2  Cao  Extractor 


Because  of  improper  pressure  balance  or  slow 
le  Jcs  in  the  entire  system,  there  would  occur  in  some  cases  a  puffing 
up  of  the  silver  can  Due  to  the  proximity  of  the  autoclave  walls,  this 
expansion  could  not  proceed  too  far.  The  movement  of  the  can  a  wall 
could  be  stopped  by  the  autoclave  walls.  As  a  result  of  this  large 
expansive  force,  the  silver  can  walla  would  be  forced  against  the  auto¬ 
clave  making  removal  of  the  can  extremely  difficult. 

Whwe  this  situation  was  true  of  the  small 
can  and  vessel,  it  is  even  a  greater  problem  in  larger  cans  \3  inch 
diameter).  In  order  to  remove  the  cans  after  a  lun,  an  extractor  (Fig¬ 
ure  23  )  was  designed  and  constructed  which  couxd  be  used  with  both  vessel 
sizes.  For  the  smaller  can,  a  large  screw  was  threaded  into  the  top 
cap  to  provide  a  clasping  handle.  The  cap  of  the  larger  can  was 
provided  with  a  large  nut  for  easy  removal.  After  clasping  this  handle 
in  either  case,  the  can  is  removed  by  driving  the  threaded  rod  with  an 
electric  drill.  This  instrument  has  removed  cans  which  appeared  to 
be  impossible  to  remove  manua,  '.y. 

2.2  8.3  Seal  Area  Lapping  Tool  and  Polishing  Tool 

In  order  to  regenerate  and  polish  the  sealing 
surface  of  the  autoclave  prooerl;*,  it  was  necessary  to  design  and 
develop  two  tools,  -  the  final  models  of  each  are  shown  in  Figures  24 
and  25  . 


The  lapping  tool  is  made  so  as  to  generate 
a  surface  of  the  proper  sealing  angle  (7°)  whose  bore  was  concentric 
with  that  of  the  threads.  This  particular  alignment  wms  found  to  be 
necessary  since  the  bore  used  for  the  threads  and  that  of  the  autoclave 
body  are  not  necessarily  uniaxial.  Deviation  from  this  geometric 
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configuration  lead*  to  seal  leak*.  The  lapping  section  of  the  tool 
is  nud»  of  cast  iron;  the  surface  of  the  lap  i*  regenerated  periodi¬ 
cal  1/  bv  milling.  The  guide  in  the  body  of  the  tool  i*  Bade  or  alum¬ 
inum  ar.d  is  fitted  for  one  ve**el  specifically  and  uaed  only  for  that 
vessel  thereafter. 


A  polishing  tool  wai  alao  developed  to  be 
used  after  the  seal  surface  had  been  ground  with  the  lapping  tool. 

The  mirror  polish  produced  by  this  tool  was  found  to  be  essential  in 
order  to  seal  the  autoclaves  for  use  at  combinations  of  high  pressure- 
temperature  conditions  (>500°C  -  20,000  psi ) .  In  this  case,  a/ter  the 
autoclave  has  been  suitably  ground  with  the  lspping  tool,  the  polisher 
Is  placed  in  the  seal  area  and  driven  at  high  speed  by  an  electric 
drill.  with  experience,  mirror  finishes  are  easily  attained  in  a 
matter  of  2  to  3  minutes.  No.  320  aluminum  oxide  abrasive  is  suspended 
in  an  oil  slurry  and  used  for  both  the  lap  and  polisher. 

2.2.9  Operating  Procedure 

2 . 2 . 9 . 1  Preparation  of  Large  Crystal  Growth  Autoclaves 

After  each  run  in  the  autoclaves,  it  wae 
necessary  not  only  to  clean  thoroughly  the  vessel  but  also  to  renew 
the  sealing  surfaces  and  angles.  The  vessel  cavity  was  scrubbed  with 
a  large  diameter  («>e3  inch)  brush  and  liquid  detergent;  it  was  then 
rinsed  by  flushing  with  tap  water  and  dried  by  a  stream  of  compressed 
air.  During  each  run  the  seal  parts  underwent  plastic  deformation  to 
a  greater  or  lesser  extent  resulting  in  permanent  dimensional  changes 
in  all  three  seal  parts.  The  ring,  cover  and  autoclave  seal  areas 
had  to  be  returned  to  original  dimensions  and  surface  finish  each  time 
the  autoclave  was  used.  If  this  was  not  done  the  seal  became  unre¬ 
liable.  The  preparation  of  each  part  is  discussed  in  turn  below. 

2. 2.9. 1.1  Seal  Ring 

An  expanding  mandrel  shown  in 

Figure  26  was  used  to  hold  the  seal  ring  during  the  remachining  of  the 
sealing  surfaces  A  modified  vernier  caliper  shown  in  Figure  27  was 
used  to  measure  the  critical  dimension  which  was  the  minor  outside 
diameter  of  the  taper.  The  ring  was  machined  to  the  angles  and  dimen¬ 
sions  shown  in  Figure  28  The  angles  are  slightly  different  from 

those  prescribed  by  the  manufacturer  (Figure  14  )  but  only  with  the 

specifications  depicted  in  Figure  28  could  reliable  sealing  be  attained. 
Both  inner  and  outer  angular  surfaces  were  then  polished  using  No.  180 
Ala03  U  BOND  METAL  CLOTH  from  Sandpaper  Inc.,  Rockland,  Massachusetts . 

2.2.9. 1.2  Cover 


The  sealing  surface  of  the  cover 

was  remachined  to  the  angle  shown  in  Figure  14  .  Polishing  of  the 

surface  was  done  using  the  same  No.  180  cloth  as  above. 


-48- 
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Figure  26  -  Expending  Mandrel  for  P.eaacMning  Seal  Ring* 


Figure  27  -  Seal  Ring  Caliper 
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FI  1  o  '  Ll  no  i  Con  t  l  :  -.xet  ■.  L 

2 . 2  ■>  l  .  I  mi  t  l  av«»  Ares 

The  seal  area  of  the  autoclave 
ws*  lapped  with  a  mixture  of  ?  vj  .ume#  of  SAB  20  oachne  oil  plus  1 
volume  of  W'fTTC’iN  No.  020  an.uai.num  oxide  abrasive  using  the  lapping  tool 
shown  in  Figure  24  .  Lapping  was  continued  until  all  traces  of  fo.mer 
seal  marks  were  removed  The  seal  area  was  then  polished  using  WBT- 
ORDRY  TRI-M- ITS  PAPER  No.  320  SILICON  CARBIDE  (  Ti  Co.,  St.  Paul,  Minne¬ 
sota)  and  SAE  20  machine  oil.  The  paper  was  fixed  to  the  polishing 
fixture  shown  in  Figure  25  •  An  electric  drill  controlled  by  a  vari¬ 
able  transformer  drove  the  polishing  fixture  at  200  to  300  RPM.  a 
good  polish  was  required,  i.e.  no  visible  flaws  with  the  unaided  eye. 

All  parts  were  scrubbed  with  de¬ 
tergent  and  hot  water  to  remove  any  residual  grit.  Prior  to  assembly 
ail  surfaces  were  wiped  with  Kimberly-Clark  type  900-S  Kimwipes  satur¬ 
ated  with  acetone.  The  vessel  was  then  sealed  according  to  the  manu¬ 
facturer's  directions. 

2.2.10  Nutrient  Preparation 

ZnO  nutrient  was  prepared  from  commercially  available 
ZnO  powder.  Fisher **  CERTIFIED  ACS  grade  was  used.  Depending  upon 
the  quantity  of  nutrient  required  and  the  availability  of  a  sintering 
furnace  two  sizes  of  platinum  crucibles  were  employed,  either  a  250  ml  * 

for  the  three  ihPhr^Purnace  or  the  5  1/4"  x  5  1/4"  can  for  the  six  inch 
furnace.  The  ZnO  powder  was  packed  Into  the  can  and  the  can  placed  in 
the  furnace  operating  at  110O  -  1200 °C.  After  2-3  hours  at  temperature 
the  can  was  removed.  The  result  of  this  operation  was  a  cylinder  of  sin¬ 
tered  ZnO.  This  cylinder  was  then  crushed  in  a  silver  metal  tube; 

1/4  inch  to  1/2  inch  pieces  were  the  most  desirable  nutrient  size. 

2.2.11  Solution  Preparation 

The  solution  used  for  the  growth  of  crystals  was 
6  molal  and  was  prepared  by  adding  1009.8  grams  of  Fisher  CERTIFIED 
ACS  grade  KCH  to  3000  grams  of  water.  Typically  the  solution  was  also 
0.1  m  with  respect  to  Li  OH  which  was  prepared  by  adding  4.19  grams  of 
Fisher  CERTIFIED  ACS  grade  LiCH»H30  to  the  3000  grams  of  water. 

2.2.12  Seed  Preparation 

Zinc  oxide  seeds  for  the  final  and  most  successful 
portion  of  the  program  were  produced  from  hydrothermaliy  grown  crystals. 

The  crystal*  were  mounted  and  cut  perpendicular  to  the  0001>  axis 


+  Lux  Liquid,  Lever  Brothers,  New  York,  New  York. 

**  Fisher  Scientific  Co.,  1080  Lousons  Cd. ,  Union,  New  Jersey.  Lot 
No.  745324  or  714125. 
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yield  Urge  area  plate  whose  thicknesses  were  50  to  100  nils.  The  plates 
were  then  cleaned  with  methanol  and  a  <,raafl  hole  was  drilled  near  on* 
edge  of  the  seed.  A  2C  mil  wire  was  placed  in  the  hole  and  the  seeds 
suspended  on  a  silver  ring  for  etching.  The  ring  with  the  seeds  were 
> ubmerged  in  hot  10  racial  Nadi  ( ~  90 °C )  for  5  minutes.  The  ring  and 
seeds  were  then  flushed  in  flowing  tap  water,  rinsed  in  deionized  water, 
and  finally  air  dried,  ready  for  attachment  to  the  seed  rack. 

2.2.13  Preparation  of  Silver  Can-loading  of  Autoclaves 

Just  prior  to  loading  the  cans  for  a  run,  the  silver 
pieces  were  cleaned  of  grease  and  oil  with  detergent,  washed  with 
concentrated  HC1 ,  thorougly  rinsed  with  deionized  water  and  then  allowed 

to  dry. 


Most  hydrothermal  ZnO  crystal  growth  runs  were  in 
excess  of  one  month  duration.  This  provided  ample  time  given  even  a 
very  small  leak  in  the  silver  can  to  cause  serious  damage  to  the  auto- 
clave.  In  fact,  in  autoclave  could  easily  be  rendered  useless  in  a 
single  cun.  Testing  for  leaks  in  the  system  before  use  was  a  prime 
requirement  for  successful  operation  of  a  crystal  growth  system. 

During  construction  of  the  cazfc  all  welds  in  sub- 
assemblies  were  subjected  to  a  dye-penetrant  test*  and  any  suspicious 
areas  were  welded  and  tested  again.  The  seeds  vers  attached  to  the 
seed  rack  with  20  mil  fine  silver  wire  and  the  nutrient  and  zinc  metal 
were  placed  in  the  bottom  of  the  can.  The  seed  rack  and  baffle  sub- 
assembly  was  then  welded  to  the  can  body.  Any  pressure  within  the  can 
generated  by  the  heat  of  welding  was  relieved  through  the  twin  vent 
tubes  in  the  cover.  The  cover  to  body  weld  was  then  dye-checked  and 
rewelded  if  necessary. 

One  hundr»H  mi  11  i  1  i  te*-«  rt"  were  pls.^».J 

in  the  can  through  cne  of  the  vent  tubes.  The  ends  of  both  vent  tubes 
were  then  flattened  with  heavy  pliers  and  the  tips  fused,  thus  sealing 
the  can. 


The  can  was  then  weighed  to  *  1/2  gram.  Pinal  leak 
testing  was  done  by  heating  the  can  to  110  to  l20°C  with  a  Briskest*"* 
type  D  heating  tape  operating  at  70  to  80  volts  from  a  variable  trans¬ 
former.  The  can  was  kept  hot  for  15  to  16  hours  and  then  weighed  again. 
If  there  had  been  no  loss  of  weight  the  ends  of  the  vent  tubes  were 
cut  and  the  test  water  boiled  out.  When  all  the  water  was  removed, 
the  KCH  solvent  was  introduced  through  one  of  the  tubes  which  were  then 
flattened  and  sealed. 


+  Soot check,  Penetrant  Type  SKL-HF,  Sp to check  Developer  Type  SKU-NP, 

Magnaflux  Corporation,  Chicago,  111‘inois. 

++  Scientific  Glass  Co. ,  Bloomfield,  New  Jersey. 
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The*  cm  1  »m  then  pl.-c<wi  if  'he  autoclave .  .» 1  ong  with 
t  r.  •»>  .tpnrnpr  utp  «<t*>rn»  1  .'111  of  de  l  on  tied  w.itcr.  The  yei»i>l  was 
closed,  trie  pressure  gauge  attached  and  the  vo^bpI  was  placed  ir,  the 
fur  rare  teady  for  np»i  .ttinn, 

2.2.14  ‘V.i  r  m-  tin 

Two  di f feront  mra-uD  schenpB  were  used  in  the  course 
of  this  work:  i‘a)  rr  oor  .turned  \nd  (b)  "as  fart  as  possible."  The  pro¬ 
grammed  procedure  was  used  only  in  the  early  p.rt  of  this  work  when 
the  operating  pressure  was  low.  In  this  rase,  the  vessel  was  heated 
at  a  constant  rate  to  operating  conditions  over  24,  48  or  96  hours  by 
using  the  temperature  programmer  modification  on  the  West  Controller. 

During  the  warm-up  a  low  gradient  was  maintained 
between  the  bottom  and  top  sections  of  the  autoclave.  Since  the 
seeds  were  so  thin  in  the  early  part  of  the  progiam  it  was  found  that 
by  using  the  slow  wsra-up  with  a  low  temperature  gradient  that  most  or 
all  of  the  seeds  would  be  dissolved  before  arriving  at  growth  conditions. 

Drastic  seed  dissolution  was  prevented  by  heating  the 
vessel  to  operating  conditions  "as  fast  as  possible",  with  a  high 
temperature  gradient.  This  was  accomplished  by  having  the  power  in¬ 
puts  on  the  controller  fixed  at  their  ultimate  position  for  operation  » 

and  then  switching  on  the  controller. 

eperating  conditions  were  approached  within  2-3  hours 
with  an  additional  3-4  hours  required  for  the  entire  assembly  of  fur¬ 
nace,  vessel,  etc.  to  attain  thermal  steady  state.  This  procedure 
prevented  seed  dissolution,  and  was  used  for  the  major  part  of  the 
program . 

2.2.15  Shut- down 

A  <.  iii«  «?tia  oi  the  run,  the  power  w*6  cwitcl.St*  "~*f  nnr* 
the  autoclave  was  air  cooled;  when  zero  gauge  pressure  was  indicated, 
cold  water  was  then  passed  over  the  vessel  until  it  reached  room  tem¬ 
perature.  The  vessel  was  opened  with  the  main  nut  released  by  the 
opener  (Figure  22).  The  silver  can  was  removed  manually  from  the 
autoclave  or  with  the  extractor  (Figure  23).  The  cap  was  sawed  off  and 
the  ladder  removed  from  the  can.  The  crystals  were  removed  from  the 
holder  by  cutting  the  wire  and  then  thoroughly  rinsed  in  water  until 
all  the  base  was  washed  away.  The  crystals  were  then  allowed  to  air 
dry  prior  to  weighing  and  measuring  the  thickness  with  a  micrommter. 
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i.O  f'R'r'iTAt.  ORiWTH 


3.1  Molten  S.\lt 


3.1.1  Rack ground  for  Program 

It  had  been  demonstrated  by  Nielsen  and  Dearborn  at 
Bell  Telephone  Laboratory  that  fairly  large  (1-2  inch)  high  quality 
platea  of  ZnO  could  be  grown  using  the  molten  salt  technique.  After 
joining  Airtron  Dr.  Nielsen  and  Mr.  G.  Townrend  continued  growing  zinc 
oxide  plates  by  the  same  method.  There  was  no  apparent  difficulty  in 
using  this  technique  to  grow  ZnO  crystals  which  would  provide  seeds 
for  the  hydrotheraal  crystal  growth. 

The  initial  success  did  not  continue  and  it  became 
■ore  and  aore  difficult  to  obtain  the  plates  of  size,  quality  and  thick* 
ness  previously  observed  using  the  saae  growth  paraaeters.  The  diffi¬ 
culties  were  manifested  by  the  decreasing  frequency  of  successful  runs, 
crystals  of  smaller  area,  and  a  large  decrease  in  plate  thickness. 

Attempting  to  cope  with  the  degeneration  of  the  systea 
a  course  was  set  upon  to  investigate  thermal  gradient  effects,  furnace 
effects  and  batch  size  effects. 

This  difficulty  in  producing  plates  by  the  aolten  salt 
approach  was  also  noted  by  Laudise.  *  Both  laboratories  then  approached 
the  seed  problem  by  using  hydrothermal  crystals  as  a  source  of  seed 
plates. 


3.1.2  Crystal  Growth  Experiments 

Initially  the  work  began  by  simply  duplicating  the 
composition  and  procedures  used  by  Nielsen  and  coworkers.  This  work 
was  quite  successful  and  large  plates  were  easily  grown  (Figures  P9 
and  30  ).  During  this  first  phase  both  three  inch  and  six  inch 
furnaces  were  used  for  crystal  growth. 

At  that  time  not  all  of  the  furnaces  in  the  pilot 
line  were  equipped  with  rotating  pedestals.  It  was  found  that  without 
rotation  it  was  not  possible  tr  dissolve  ZnO  at  1150  °C,  even  with  a  twenty 
four  hour  soak  period.  CP  the  other  hand  with  rotation  only  a  two 
hour  soak  period  was  necessary  to  dissolve  all  the  materia? 

In  order  to  optimize  crystal  quality  and  yield,  a 
series  of  experiments  was  begun  in  which  the  pedestal  position  an  1  there¬ 
fore  crucible  was  varied  in  the  furnace.  The  purpose  in  changing  the 
position  of  the  pedestal  was  to  alter  the  thermal  gradients  in  the 
melt.  By  so  doing  it  was  possible  to  have  either  the  top  or  bottom 
of  the  melt  in  the  hottest  part  of  the  furnace.  The  objectives  were 
to  see  if  the  number  of  nucleation  sites  could  be  reduced  so  that  the 
crystal  once  nucleated  could  be  induced  to  increase  in  basal  area  and 
thickness,  and  to  eliminate  dendritic  growth.  The  other  iaoortant 
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jrnwth  van.it>lp«  i»  - ; .  i-noi  :ng  rate  we  r »  .uio  varieo  in  jrder  to  accca- 
p  .  1  .;t  the  a.\np  objectives. 

The  data  for  thfc  r  j.tt  i  .  this  period  are  presented 
in  Table*  II  and  .II. 

The  conditio.n  used  whin  the  belt  plate  was  obtained 

are  as  foi low* : 


The  starting  mixture  was  coopond  of  25  sole  rercmt 
ZnO  and  75  sole  percent  ."’bFa-  The  container  n  a  5  i/4"  x  5  1/4" 
crucible  with  cover  which  war  run  in  the  O  inc.  furnace.  The  pedestal 
position  was  such  that  the  bottom  of  the  piatimoi  can  was  just  above 
tne  lower  portion  of  the  furr.ace  hot  zone.  In  teres  of  gradients  this 
would  scan  that  the  temperature  at  the  surface  of  the  aelt  was  higher 
than  any  other  part  of  the  flux.  The  contents  of  the  crucule  were 
*'-*k*d  at  1 1 5° °C  foi  two  hours  with  stirring.  Tne  timing  was  stooped 
and  the  furnace  cooled  at  1 °C  per  hour.  At  105O°C  the  crucible  was 
removed  and  the  solution  poured  into  a  sand  bath. 

With  the  continued  decrease  in  plate  yield,  thi-kness 
and  quality,  nore  variation  of  gradients,  batch  size,  melt  competition 
and  soak  temperatures  were  attempted.  No  significant  Improvement  was 
obtained  by  any  of  these  changes,  Table  IV. 

3.1.3  Controlled  Nucleation  and  Crystal  Growth 

As  the  ZnO  -  PbF2  system  continued  to  degenerate  con¬ 
sidering  the  size  quality  and  thickness  of  the  plates,  more  thought  was 
devoted  to  how  to  control  the  factors  involved  in  rucieation  and  growth 
of  ZnO  plates.  A  program  was  begun  to  see  _f  these  oojectives  could 
be  accomplished  in  a  molten  salt  system. 

In  addition  tc  growing  platelets  of  ZnO  which  float 
on  the  surface  of  ‘he  melt,  it  had  been  observed  that  in  some  rua 
tho  platelets  also  appeared  to  grow  in  a  vertical  position  rather  than 
horizontally.  The  presence  of  the  vertical  plates.  Figure  31,  supports 
the  analysis  that  the  heat  flows  in  the  vertical  furnaces  in  such  a 
manner  as  to  result  in  vertical  gradients.  In  order  to  control  ou- 
cleation  and  subsequent  crystal  growth,  it  is  necessary  to  control  not 
only  the  amount  of  the  gradien*,  but  also  the  direction  of  thw  gradient. 
While  large  plates  have  been  grown  in  some  cases  in  vertical  gradients, 
originally  large  plates  were  grown  in  horizontal  furnaces  which  prob¬ 
ably  had  lateral  gradients. 

3.1. 3.1  Vertical  Gradient  Method 

A  vertical  furnace  that  is  cylindrical  in 
construction  and  further  has  radikl  symmetry  about  its  axis,  both 
in  construction  materials  and  in  heat  dissipation,  has  only  one 
significant  gradient,  which  is  in  rhe  vertical  direction. 


Molten  Salt  Crystal  Growth  gun. 
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TABLE  1 1  T 


Ttbl«  III  (Continued 


Ttbl«  III  (Continued 


Table  III  (Continued 


Plate*  with 
attached  dendrite*. 
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Ttbl«  III  (Contlnu«d 


Molfn  Salt  Cryatfcl  Growth  ifunt 


T*bl«  TV  (Continued) 
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Tablt  IV  (Continued 


Higb  concentration  27  m  percent 
Hedlu*  concentration  ate  percent 
Low  concentration  29n  percent 
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Figure  31  -  Cross  Section  of  Molten  Sslt  Crucible 

Showing  Growth  Directions  of  Zinc  Godds 
Platelets 
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Crystal  Growth  (Continued) 


The  center  of  the  furnace  la  the  hottest 
point.  and  temperature  decreases  with  distance  away  tram  tba  can  tar . 

A  crucibl#  pjaced  above  tba  cantar  would  ha  a  tha  bot taw  higher  in 
taaparatura  than  tba  top,  while  below  tha  cantar  tba  oppoalta  coo dlt Iona 
would  pravail. 


Routine  batch  waight  for  a  ZnO  ♦  PbRj  run 
is  obtainad  by  filling  tha  crueiblo  with  tha  aaxiwuai  aaount  of  powdered 
chemicals  which,  af tar  asltlng  la  only  about  one-third  of  tha  diaaatar 
in  depth.  or  quita  shallow.  Sinew  tha  taaparatura  gradiant  ia  vertica 1, 
tha  taaparatura  difference  tanda  to  ba  as tab 11 shad  fro a  tap  to  bottom 
of  tha  welts  howavar ,  sinca  tha  wait  ia  ao  shallow  this  dif f aranoa  la 
saall.  Tharafora,  incraaaing  tha  depth  of  tha  welt  would  incraaaa  tha 
taaparatura  diffaranca  batwaan  top  and  bo t tow  of  tha  aalt. 

Alao,  evaporation  of  IWi  fra a  tha  aalt  raiaaa 
tha  ZnO  content  of  th#  aalt  which  can  cauae  nuclaatlon  whan  it  ia  un¬ 
wanted,  i.e.,  during  tha  soak  period.  Tha  rata  of  Pbfa  evaporation 
should  ba  dependant  on  surface  area  of  tha  aalt  and  surf sea  taaparatura 
only.  For  tha  saaa  surface  and  aurface  taaparatura  tha  rata  of  evap¬ 
oration  ia  independent  of  aalt  depth. 

Tharafora,  tha  incraaaa  in  ZnO  concentration 
for  a  given  aaount  of  PbFj  evaporation  can  ba  greatly  recta  cad  siaply 
by  increasing  tha  depth  of  the  aelt  in  tha  crucible. 

Generally  "double  batch"  runs  ware  wade  with 
only  1.’  .ited  success  (Table  V)  .  It  was  considered  aora  profitable  to 
pursue  the  use  of  lateral  gradient  in  order  to  grow  platea  on  thw  sur¬ 
face  of  the  welt  in  the  crucible. 

3.1-  3.2  Lateral  Gradient  Method 

Evaporation  of  PbP3  frew  the  aurface  of  tha 
aalt  causes  a  thin  skin  of  malt  to  ba  enriched  in  ZnO.  With  the 
appropriate  vertical  gradient,  at  sowe  temperature  during  the  growth 
cycle,  crystallization  should  occur  at  the  coolest  point  in  tha  ZnO 
enriched  surface  layer.  Though  it  is  conceivable  that  sowe  other 
region  of  the  aalt  could  nucleate  before  tha  surface  akin,  in  practice, 
tha  aelts  are  quite  shallow,  L.e.*  depth  approxiaately  one-third  tba  di¬ 
ameter,  and  a  significant  teuperature  diffaranca  between  tha  top  and 
bottom  of  thw  aalt  saaas  unlikely. 

If  tha  rata  of  growth  across  thw  eurfacw  of 
tha  aalt  was  to  ba  controlled,  it  was  only  reasonable  that  a  lateral 
gradient  ba  alloyed  to  produce  tha  rracleation  site  near  tha  edge  of 
tha  crucible. 


Modification  of  tha  Lindberg  furnace  (a 
furnace  with  a  horizontal  muffle)  to  provide  a  variable  lateral  gra¬ 
dient  was  accompli abed.  Additional  thermocouples  were  installed  on 


-73- 


SSSSSSf.  £S 

■  SSE6EESE 

OOOiQkQkOOa 


either  aid*  of  the  position  where  the  crucible  is  placed,  Figure  32. 

8y  means  of  these  thermocouples,  the  actual  gradient  acroes  the  disas¬ 
ter  of  the  crucible  could  be  eeasured  at  any  time  during  a  run. 

Teats  shoved  a  gradient  of  13 *C  across  the 
crucible;  therefore  at  a  cooling  rate  of  5-C  per  hour  solidif ication 
should  advance  f roe  the  nucleation  site  on  one  side  of  the  crucible 
to  tne  opposite  side  of  the  crucible  in  seven  hours. 

Another  atteept  was  Bade  to  achieve  lateral 
gradients  in  a  vertical  furnace  by  reserving  two  of  the  heating  eleeents 
from  the  circuit.  In  essence  this  created  a  cool  side  on  the  woffle. 

A  temperature  gradient  of  7°C  across  the  welt  was  achieved,  in  Rtornaca 
H-  3.  This  gradient  wee  we  seared  by  weens  of  two  thermocouples  which 
were  strapped  to  the  pedestal.  Figure  33.  In  cooling  the  furnace, 
therefore,  nucleation  should  occur  only  on  one  edge  and  continue  across 
the  tep  of  the  welt. 

Scsse  success  was  achieved  using  this  furnace 
and  technique.  The  plates  though  somewhat  larger  were  still  thin. 

While  the  importance  of  thermal  gradient  effects  proved  to  be  signifi¬ 
cant  it  became  clear  that  such  gradients  were  not  the  only  factor  in 
determining  the  sire,  thickness  and  quality  of  ZnO  plates  grown  by 
this  technique. 

As  the  hydrotherwal  crystal  growth  improved 
it  appeared  that,  although  the  gradient  control  could  be  developed  to 
produce  larger  crystals,  the  hydrotherwal  seed  problem  mould  most  readily 
be  resolved  by  utilizing  the  hydrotherwal  systew  to  generate  ita  own 
seeds . 


3.2  Hydrotherwal 


3.2.1  Low  Pressure  Crystal  Growth 


Shortly  aftsr  the  program  was  begun  Laudi.se ,  Kolb  and 
Cupar x*o°  published  a  paper  in  which  they  described  a  set  of  conditions 
at  which  ZnO  crystals  could  be  grown  using  the  hydrothermal  technique. 
As  such  the  conditions  provided  an  excellent  "jumping- off  point"  for 
the  contract.  After  several  preliminary  experiments  with  the  auto¬ 
clave  pressure  testing,  furnace  calibration  and  pressure  balance,  the 
first  attempts  mere  wade  to  grow  crystals.  The  major  differences  be¬ 
tween  the  two  laboratories  were  in  the  sizes  and  types  of  autoclaves. 
The  ZnO  crystal  growth  mas  developed  at  Fell  Telephone  Laboratories 
using  rather  small  chambered  silver-lined  Morey  type  vessels  ( maximum 
internal  cavity  size  1-3/16"  diameter  x  6-7/8"  long).  The  Airtron 
vessels  have  been  previously  described  in  this  report. 


The  first  attempts  at  crystal  growth  failed  using 
the  Bell  Telephone  Laboratories'  parameters.  The  most  apparent  reason 
for  failure  was  in  the  warm-up  procedure.  The  warm-up  procedure  em¬ 
ployed  by  Bell  Telephone  Laboratories  was  what  would  be  considered  slow. 
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i . • .  ovtr  a  t— ty- four  boar  period.  tecasM  of  the  dlfftrmat  in 
autoclave  gsonatry,  silver  liners,  etc.  this  tpprotdl  did  set  sort 
at  Alrtroo.  Instead  it  *ts  found  that  with  this  procedure  in  many 
cases  the  seeds  would  be  completely  dissolved.  This  n »  not  unrea¬ 
sonable  since  the  seeds  wore  only  10-15  ails  thick  and  the  volume  of 
solution  was  approximately  1.3  liters. 

After  sane  experimentation  with  warm-wp  procedmre  It 
was  found  that  the  best  technique  at  Airtron  was  to  earn  up  the  vessel 
to  operating  conditions  ss  quickly  as  possible.  In  this  way  the  seed* 
were  retained  and  the  growth  of  crystals  began.  The  date  for  the 
initial  gr earth  runs  with  the  wars -up  procedere  experiments  is  presented 
in  Table  VI,  and  a  photograph  of  sane  typical  crystals  are  shown  la 
!rlgure  34 


Oboe  having  obtained  a  suitable  sem*sp  procedere  the 
following  task  remained : 

1)  To  lap  rove  the  quality  of  the  crystal*. 

2)  To  eliminate  the  corrosive  attack  of  the 
silver  container  (see  section  3.2.4). 

3)  To  attempt  to  obtain  uniform  growth  rates 
at  all  seed  positions  by  baffle  ares 
changaa,  and  changss  in  the  secants  end 
position  of  Insulation. 

4)  To  saxisizs  the  growth  rate  yet  maintain 
or  improve  the  crystal  quality. 

5)  To  develop  high  quality  seed  crystals  of 
large  basal  area  by  successive  hydro¬ 
thermal  growth  rune,  (see  section  3.2.2) 

Work  on  the  shove  objectives  was  performed  during 
runs  No.  44  through  No.  63.  The  operational  crystal  data  for  these  rune 
is  presented  in  Tables  VT  and  VII.  With  regard  to  objectives  2  and  5 
the  results  and  discussions  of  these  axe  presented  in  separate  sections 
of  this  report.  An  idea  of  the  improvement  in  quality  during  this  period 
can  be  obtained  by  comparison  of  the  crystals  shown  in  Fi pure  34  (Run 
No.  39)  and  rigor e  33  and  Figure  36  Figure  36  is  the  top  section 
of  a  crystal  fr cm  Ain  No.  51  in  which  the  seed  sss  removed. 

The  Improvement  in  growth  rate  sniforulty  can  be  seen 
from  the  data  prases  ted  in  Tables  VIII  and  DC  which  summarizes  the 
growth  rate  for  each  crystal  for  Buns  No.  46  through  No.  54.  In  general 
it  was  found  that  the  seed(s)  in  the  upper soet  position  mere  the  fast¬ 
est  growing.  This  is  to  be  expected  since  it  is  the  one  which  sees 
the  greatest  AT.  The  seed(s)  nearest  the  baffle  exhibit  the  lowest  growth 
rate  because  it  is  tbs  one  with  the  lowest  AT.  In  order  to  obtain  a 
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Figure  14  -  Hydrothermally  Gr-«n  Zinc  Oxide  Crystals 
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TABLE  IX 


gun  No. 

46 


Saa± -***  Qyt%I  Data  for  ten#  »».  46  Throat  S4 


Saad 

SMd 

Crjratal 

Rack 

Weight 

Tbicknasa 

tkickaaai 

Orartk  Rat* 

Poaition 

(g— ) 

£■11#) 

La 11#) 

(alla/4ar) 

1 

3.1 

«•  «• 

S3 

• 

2 

5.6 

— 

62 

• 

3a 

3.0 

— 

47 

7 

3b 

1.6 

— 

SO 

7 

4a 

4.3 

m  m 

71 

10 

4b 

2  4 

•*• 

64 

16 

5 

1.0  , 

'  r* 

JO 

4b 
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Tab!*  DC  (Coctlrayd) 


Ban  f*o. 
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51 


5  2 
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Thlckiy  •• 
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96.7 
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59.5 
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588 
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41.5 

295 
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27.8 
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418 

5 

32.1 
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6a 

27.0 
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442 

6b 

16.4 
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7a 

38.8 
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7b 

25.7 
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26.3 
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l 
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39 
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65 
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3 

6.6 

54 
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43 
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nalfon  9r earth  rtta  it  is  iwcM«*ry  to  sates  tha  gtostk  etuMbsz  u  osarlr 
iaotbnrsai  aa  posalbla.  This  could. only  bo  aocaspliahsd  bf  adjusting 
tbs  baifla  stm  ( 5  -  10*1  sod  ai^ariaantinQ  with  tbs  qwstity  sad  poai> 
tios  of  in— Is  ting  sattrial  on  tlu  top  of  titC  rttoclavs. 


Our  log  this  psriod  it  nu  foam  A  that  at  rat—  in 
•xe*M  of  IS  ails/ day  tha  crystal  quality  a—  g— —ally  poor  sad  that 
tha  slo— r  tha  rata  tha  higher  tha  quality.  Iba  let— r  quality  — s 
man i fas tad  by  cravica  flawing  resulting  froa  diffsroaosa  io  growth  of 
tha  <  10ll>  and  <0001>  di recti on a . 3  while  tha  prssaooa  of  Li4,  aidrd 
in  reducing  this  cravica  flawing,  growth  rat—  of  15  alia/ day  — ra  still 
too  graat  to  r— alt  in  high  quality. 


Iba  crystal  strueturo  of  ZaO  is  such  that  tha  0001> 
and  <OOoI>  a ra  oot  aquivalan  t  and  tharafora  tha  growth  rat—  in  tbo  two 
directions  ara  not  aquivalan t.  It  aaa  found  that  tha  rat—  in  tha  0001> 
or  c*  aara  2-3  tia—  fas  tar  than  tha  OOOl>  or  c-.  In  addition  to  tha 
anisotropy  of  growth  rata  tha  quality  dafacts  aara  of  a  different 
natura.  Tha  cravica  flawing  praviously  daseribad  occarn  in  tha  c* 
diractioo.  Tha  dafacts  aa  tha  c"  faoas  —  ra  in  tha  for—  of  daodrltlc 
growth  along  tha  <1011>  diractioo. 


Tba  anisotropy  of  tha  alaetrical  r— istivi ty  of  uatarial 
in  tba  c*  and  c"  sides  of  tha  —ad  will  ba  discus  sad  In  a  la  tar  section 
of  this  r sport  (4.2.1). 


Tha  following  aes— sry  giv—  tha  cooditiooa  which  —  ra 
found  sui  tab  la  for  tha  growth  of  high  quality  crystals  at  low  prassura 
conditions  at  that  tiwa: 


Crystallization  Teeperature - 

Nutrient  Tewparature - - 

AT - - - - - 

Pr— sure— - - — — - — 

Solvent—————— 

Lithium  Cancan tra t iao— — — 
Saads - 


Baffle  Area— ——————— 

Autoclava— - — 

Silvar  can- - - — — 

Intaroal  fill-— — — — — - 

External  fill— — - - — — - 


-^*»o*c 
—#-930 *C 
.-~30*C 

—  aooo  psi 

—  6uKCH 

—  1. 2-2.0  a 

.-  High  quality 

—  Aa  fast  as  possibls 

—  Sintarad  ZoO  poadar 

—  7.5-10* 

—  3  in.  i.d. 

—  2.0  in  o.d. 

—  83* 

—  78* 


3.2.2 


S— d  Da  vale 


During  tha  cour—  of  tha  contract  a  program  was  begun 
to  uaa  tbs  hydrothermal  syst—  to  produco  largo  area  aaad  crystals. 
This  progr—  had  not  bsan  anticipatsd  at  tha  beginning  of  tha  contract 
•iocs  in  its  original  concept  tha  larga  —ads  —  ra  to  ba  obtainad  by 


Cfjrml  Growth  (Continued) 

the  molten  malt  technique.  Am  the  contract  program— d,  bum— mr , 

1)  the  mol ten  malt  technique  failed  to  yield  repco- 
clucibly  large  high  quality  crystals . 

2)  it  mam  found  that  hydro  the rnal  crystals  could  be 
sliced  and  used  as  meeds  for  sub— quant  runs. 

3)  at  conditions  where  high  quality  growth  was  pro¬ 
duced  a  "healing  effect"  of  cracks  and  other  de¬ 
fects  took  place  during  the  crystal  growth  and, 

4)  in  addition  to  obtaining  gr*mrth  in  the  (c*)  and 
(c-)  directions,  significant  lateral  growth  i.e. 
in  the  (a)  and  (a)  directions,  also  took  place 
thus  enlarging  the  basal  area  of  the  crystals. 

It  therefore  — ene d  appropriate  to  begin  a  progran 
wherein  the  largest  hydrothermal  crystals  of  reasonably  good  quality 
would  be  sliced  into  a  seed  crystal  and  u— d  in  the  subsequent  run. 

This  program  was  begun  using  a  high  quality  seed  shoes 
area  was  9.2  cm2.  Table  x  summarizes  the  data  for  the  development 
of  the  seeds  giving  an  indication  of  the  increa—  per  run  over  a  four 
run  period.  Figure  37  also  shows  several  crystals  from  sub ssq went  runs 
to  indicate  the  increase  in  crystal  size  from  run  to  run.  The  increa— 
in  size  as  shown  in  the  figure  and  table  is  indicative  of  the  wsy  i»;r 
which  the  program  progressed.  Finally  in  the  growth  of  large  150  gram 
crystals  the  basal  area  of  the  crystals  was  greater  than  28cm2.  The 
average  growth  rate  in  the  (a)  and  (a)  directions  during  this  period 
sms  found  to  be  4-5  mils  per  day. 

One  problem  which  was  discovered  in  the  lateral  growth 
during  this  period  was  concerned  with  the  observations  of  a  phenomenon 
known  as  "electrical  twinning."  This  grosrth  defect  was  first  noted  in 
the  crystals  grown  in  run  No.  59  which  utilized  a  gold  plated  can. 

The  crystals  —re  examined  with  a  U-V  mineral- light 
( 366QA*)  which  caused  almost  the  entire  (OOOl)  surface  of  the  crystal 
to  have  a  yellow  fluorescence.  The  ( 000 I )  surface  only  fluoresced 
below  that  area  where  the  (000.1)  surface  did  not  fluoresce.  Further 
examination  of  the  crystal  surfaces  showed  that  on  both  sides  of  the 
crystal  the  areas  which  fluoresced  —re  smooth,  and  not  flawed.  It 
appeared  that  these  smooth  areas  which  fluoresced  might  be  (0001)  faces 
and  that  a  reversal  of  crystallographic  orientation  had  occurred.  Such 
a  reversal  would  account  for  the—  ob— rvations  such  as  shown  in  Figure 
38  Etching  the  crystals  in  sodium  hydroxide  solutions  was  found  to 

reveal  the  differences  in  orientation  quite  nicely.  On  the  (OOOl) 
surface  the  etch  produces  a  matte  appearance  while  the  (0001)  surface 
remains  shiny.  Tbs  etch  rate  is  also  greater  for  the  OOoi>  than 
the  <XD01>  and  as  a  result  an  etched  (0001)  surface,  the  material  Just 
described,  will  have  islands  of  (0001)  surface  ehere  this  orientation 
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TABLE  X 


gm  Wo- 

SU**UKY  OF  DATA  FOR  RASAL 

ARF-A  INC  TEASE 

AA  cm2 

Kata 

(cBVday) 

51 

9.2 

— 

S3 

12.4 

3.2 

r*.  103 

54 

15.4 

-  2-1,.;. 

«04L 

55 

19.4 

3.9 

0.278 

Runt  Showing  B*s*l  Art*  Incrt*tt 


Crysta*  Growth  'Tantinutd) 


rtvtrui  occur*.  This  t yp*  of  orientation  rtvtriti  has  been  found  to 
occur  in  quartz  and  is  called  "electrical  twinning." 

Etching  of  ZnO  crystals  in  10  a  NaCH  At  90*C  for  15- 
30  ainutti  was  found  to  develop  different  etch  figures  or  patterns  of 
th*  opposing  pol*  ficsi.  Ths  figures  ars  loaaahtt  diffsrsnt  than  those 
reported  t>y  Mariano  and  HAnn*a*ni2  who  used  A  HNO,  etch.  In  this  case 
tns  ('XX)])  faces  etch  very  quickly  leaving  ths  surface  with  a  somewhat 
dull  finish.  The  (o<x)i)  faces  etch  sort  slowly  and  are  shiny  except 
for  the  pit  produced  by  the  etch.  Typical  etch  ftructures  are  shown 
in  figures  30  and  40  for  the  (000a)  and  (0001)  faces,  respectively. 
The  patterns  on  th*  (0001)  surface  is  formed  by  th*  protection  of  hill¬ 
ocks  on  th*  surface  having  th*  appearance  of  small  hemiaorphs  in  agree¬ 
ment  with  the  natural  crystal  morphology.  Two  patterns  srs  present  00 
th*  ( OOOi )  surfaces.  On*  is  th*  pits  *.;ich  appear  as  hexagonal  or  par- 
all  elograa-  shaped  pits  with  flat  bottom*.  Th*  other  is  a  pattern  or 
network  of  lines  which  aay  be  slip  line:  and  due  to  th#  microscopic  im¬ 
perfection  of  the  crystals. 

Thess  etch  patterns  clearly  reveal  th#  existence  of 
pole  reversal  in  the  crystals  when  the  various  sections  are  examined 
microscopic*.  _ly.  The  areas  of  such  electrical  twins  on  a  grown  crystal 
are  shown  in  Figure  41  . 

Unfortunately  th#  seed  development  program  was  slowed 
down  by  th*  discovery  of  such  twins.  Th*  edge  of  th#  seed  plat*  there¬ 
after  was  trimmed  of  any  of  th#  "electrically  twinned"  materia.*,  thus 
reducing  the  basal  area.  Nonetheless  th#  programs  success  is  notable 
when  the  final  seed  plate  area  and  large  crystal  growth  are  considered. 

3.2.3  High  Pressure  Crystal  Giowth 

The  dramatic  increase  in  qrowth  rat#  with  increased 
pressure  in  the  hydrothermal  growth  of  ruby^-*  led  to  speculation  of 
what  might  happen  in  the  case  of  ZnO.  The  only  reason  at  that  time 
for  operating  below  10,000  psi  was  that  this  waa  th#  region  used  by 
th*  Bell  Laboratory  workers,  who  were  limited  by  th#  pressure  capa¬ 
bility  of  their  vessels. 

The  first  high  pressure  ZnO  run  attempted  at  Air tr on 
produced  relatively  high  quality  crystals  and  at  what  appeared  to  be 
higher  growth  rates. 

Subsequent  runs  indicated  that  the  rate  ia  undoubtedly 
more  dependent  upon  crystallization  temperature,  AT,  impurities  than 
pressure.  The  growth  rate  in  this  first  experiment  was  26.0  mils/day. 
Run  No.  52.  Although  no  subsequent  run  was  made  at  exactly  th#  same 
conditions  at  even  higher  pressures  much  _ow*r  growth  rates  were  ob¬ 
tained.  Scanning  Table  XI  will  reveal  that  lom*x  rates  wwr#  observed 
even  when  th*  variables  other  than  pressure  might  be  expected  to  pro¬ 
duce  higher  rates. 
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Flyura  39  -  NaCH  Btch  Pattern  on  (OOQ1)  Surface 


Figure  40  -  NaCH  Btch  Pattern  on  (0001)  Surface 
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Crystal  Growth  (Continued) 

Mmq  the  mabar  of  poaiibla  rniablM  1b  the  ijrttai 
*r«  cor  aid*  rod  it  is  obvious  that  tbs  total  n—tosr  of  rune  s»d»  tbromob- 
out  tbs  courso  of  tbs  contract  could  not  possibly  swsias  each  oos 
thoroughly .  Furthermore,  svsa  reducing  tbs  nabtr  to  shat  ars 
tbs  principal  onss  i.e.  crystallisation  to^erature,  AT,  and  Li 
contra t i on ,  it  is  obvious  that  tbs  number  of  exploratory  runs  could 
not  possibly  bs  expected  to  yield  exact  corves  shich  could  be  seed  to 
interpret  tbs  crystal  growth  results.  At  best  these  few  runs,  summar- 
ised  in  Table  XI,  can  only  be  interpreted  as  trends  and  Caspars d  to 
those  of  other  acre  documented  hydrothermal  crystal  growth  systems,  by 
approximately  selecting  the  rims  so  that  all  but  one  of  the  other  para¬ 
meters  are  approximately  the  same  in  value,  some  comparison  and  ooo- 
clusions  can  be  extracted. 

For  instance  the  growth  rates  for  Ross  No.  A3  and  71 
are  31  mils/ day  and  5.4  ails/ day,  respectively.  If  the  difference  in 
U+  content  is  neglected  at  the  other  variables  except  temp  era  tores  are 
nearly  the  same.  As  would  be  expected  the  rate  Increases  as  the  tempera¬ 
ture  increased  Just  ss  in  quartz*  and  ruby  13  . 

Similarly  comparing  the  runs  made  for  the  growth  of  150 
ge  crystals  (the  last  five  in  the  table)  with  Ron  No.  74  some  indication 
of  Li*  effect  on  growth  rate  can  be  seen .  The  large  crystals  were  grown 
with  l.Ou  Li*  ion  present  in  the  growth  fluid.  In  Run  No.  74  the  Li* 
was  inadvertently  omitted  from  the  run.  The  temperature  pressure,  and 
AT  conditions  were  nearly  identical  for  all  runs  so  that  the  almost 
double  rate  in  the  case  of  zero  lithium  must  be  doe  to  the  impurity 
effect. 


probably 


If  now  runs  No.  62,  66,  68,  and  70  are  considered 
and  the  difference  in  Li*  content  is  disregarded,  one  can  see  the 
effect  of  AT  on  growth  rate  as  with  quarts  and  ruby.  The  increase  in 
rste  with  AT  appears  to  be  linear  (Figure  42  ). 

The  last  five  runs  listed  in  Table  XII  also  demonstrate 
the  reproducibility  in  the  process.  The  difference  in  rates  in  these 
five  runs  is  only  2  ails/ day.  As  can  be  seen  from  the  data  in  this 
table  and  also  Table  XIII  the  crystals  were  grown  under  very  similar 
conditions  and  the  growth  rates  from  top  to  bottom  of  the  chamber  is 
quite  uniform.  The  data  prove  that  the  system  can  be  ran  in  a  produc¬ 
tion  manner  for  the  manufacturing  of  large  zinc  oxide  crystals. 

The  growth  parameters  found  most  suitable  for  the 
growth  of  these  large  crystals  are  summarized  below. 


Nutrient  Temperature-- - - - - — 312#C 

Crystallization  Temperature- — - 274*C 

AT -  38  °C 

Pressure— —————————— ——25,000  psi 

Base  Concentration— — — — — — - - — - 6  m  1CGH 

Lithium  Concentration— - - — —————1.0  a  Li  OH 
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Plgur*  42  -  Growth  Rato  v«  AT  Neglecting 
Li'*'  Concentration  Differences 
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TABLE  XI I 

S j— ary  at  S«l»rfd  Hiqfa  Pr»» *ve+  Crytfcl  Grata  0+t% 


Bun 

T  err»t. 

AT 

P 

Li*-  ammo. 

-7»01>  lata 

Wo. 

rc) 

m 

(pmi) 

6 2 

390 

25 

23000 

0.2 

31 

64 

388 

12 

19400 

0.2 

20 

66 

371 

14 

19700 

1.0 

1* 

66 

389 

a 

19500 

l.S 

11 

TO 

9M 

• 

19900 

1.0 

— 

■  •  a  -  •'V'W*** 

Vt#  ’N5' 

71 

277 

22 

33400 

1.0 

5.4 

74 

273 

38 

28200 

0 

12.0 

81 

295 

16 

22500 

1.0 

10.2 

83 

290 

20 

25000 

0.75 

7.4 

84 

294 

16 

22400 

0.40 

8.6 

76 

274 

36 

24500 

1.0 

7.8 

78 

274 

30 

26000 

1.0 

7  0 

79 

274 

38 

25500 

1.0 

6.3 

S3 

274 

40 

25500 

1.0 

7.1 

85 

273 

40 

233C0 

1.0 

5.7 

TAflLB  xiri 


SKKD  A  TO 

crystal  qata 

FOR  RtJH 

*o.  58 

Cry*  t»l 

UFight 

( grans ) 

Thicknnss 

(nils) 

Grosrtfc 

Hat* 

No  . 

Bet  or* 

After 

Bmfote 

Af  t*r 

fgraw/rU  yj 

{■iU/d«Yl 

1A 

13.2 

25.1 

90 

1 17 

.9 

3 

• 

IB 

2.2 

3.0 

— 

— 

.06 

- 

1C 

25.7 

38.7 

148 

213 

.87 

5 

2A 

10.1 

19.3 

76 

119 

.67 

3 

28 

26.2 

37.1 

174 

226 

.79 

4 

3A 

5.1 

12.3 

42 

77 

.58 

3 

38 

18.6 

29.8 

107 

135 

.81 

3 

4A 

10.6 

13.3 

329 

430 

.19 

7 

48 

18.3 

28.3 

104 

148 

.72 

3 

SA 

18.7 

31.1 

73 

123 

.80 

4 

- 

58 

6.2 

12.8 

49 

82 

.47 

2 

6A 

20.0 

28.2 

135 

171 

59 

3 

6B 

7.2 

14.0 

55 

80 

.49 

2 

4 
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TABLE  XT  T I  'r 

nrt1  -rued) 

SEED  AND 

crystal  uata 

FOR  RUN  NO 

1.  59 

1 

y*  t*l 

Mpirjht 

TM  r-Jcr>r«« 

fwi 1 

Growth 

1 

»*t* 

So. 

Bp  t  or  p 

Af  tPT 

( ails/day )  ! 

\ ,  t?r 

Car*** 

1A 

25.1 

89.  ? 

137 

367 

1.5 

5  ! 

i 

IB 

3.0 

10.  7 

— 

— 

— 

- 

10 

20.1 

110.  7 

80 

366 

2.2 

7 

2A 

12.3 

61 . 5 

— -f 

366 

1.2 

7 

2B 

17.  T 

113.  3 

68 

358 

2.3 

7 

3A 

29.8 

102.8 

155 

465 

1.7 

7 

/ 

* 

18.6 

108.9 

84 

348 

2.2 

1 

6 

4A 

28.3 

97.2 

148 

391 

1.6 

6 

4B 

28.2 

116.  7 

115 

405 

2.1 

7 

SA 

13.  3 

33.0 

430 

787 

1.0 

SB 

16.9 

98.4 

62 

342 

1.9 

7  i 

6A 

38.7 

93.3 

<!l3 

4  34 

1.3 

5 

68 

17.4 

84-0 

82 

297 

1.6 

5 

SEED  AND 

CRYSTAL  DATA 

TOR  RUN  VO 

.  60 

1 

2.8 

2.9 

56 

62 

— 

- 

2 

3.6 

3.7 

60 

69 

— 

- 

3 

3.0 

2.9 

46 

50 

— 

- 

4 

2.7 

2.3 

48 

50 

_  _  — 

•» 

SEED  AND 

CRYSTAL  DATA 

FOR  RUN  NO. 

62 

1 

1.6 

19.7 

40 

383 

— 

31 

» 

2 

2.  8 

14.0 

88 

347 

— 

24 

6 

■3 

1.0 

5.5 

48 

182 

— 

12 

♦ 

| 

4 

1.4 

2.9 

56 

140 

8 

i 

* 
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SKBD  AND 

CRYSTAL  OAT A 

BOR  R<W 

NO, 

63 

Cry»t *1 

**•»  l(jh.  t 

(gr.-.s.») 

rhickrriy 

(  ~  i  l  *  1 

Grcwrth 

g£t» 

No  . 

'W-  f  o  r  p 

»'f>r 

8»for  » 

Afttr 

iSL 

r<f/'«UyJ 

f sil»/rt*y ) 

1A 

10.2 

]  5.  3 

61 

148 

2.6 

IB 

5 . 4 

27.5 

34 

110 

— 

2.  3 

:a 

9.4 

21.6 

39 

133 

— 

2.2 

23 

2.9 

5.  7 

62 

126 

— 

1.9 

2C 

19.0 

41.4 

«0 

225 

— 

4.3 

3A 

11.5 

23.8 

73 

133 

2.3 

3B 

1.  3 

---- 

-- 

— 

— 

~~ 

3C 

14.6 

26.6 

94 

137 

— 

1.9 

4A 

16.0 

34.1 

79 

164 

— 

2.7 

48 

10.3 

21.3 

72 

133 

1.9 

5A 

11.1 

21.4 

67 

134 

--- 

2.0 

5B 

13.5 

21.1 

94 

138 

— 

1.3 

6A 

12.9 

22.8 

77 

127 

— 

1.3 

6B 

10.  3 

18.9 

70 

123 

1.6 
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Crystal 

No . 

^  igh  t 

SEKD  AND 

TABLE  XIII  (CoiJtimMNl' 

OrrSTAL  DATA  FOR  BUN  ! 

ThicVn*«a  («!!•) 

"O,  64 

Growth 

tatc 

!3#  for* 

Af  •  f  c 

Hut  or  • 

Af  t*r 

( or  *»•/ day ) 

IA 

17.  7 

7.1 

65 

452 

---- 

22.8 

IB 

10 . 6 

13 . 4 

-- 

— 

— 

— 

2A 

1  3.  7 

64.  3 

HI 

409 

— 

18.8 

:a 

3.2 

53.  3 

61 

372 

... 

18.3 

3A 

2.8 

11.0 

63 

191 

— 

7.5 

3B 

18.3 

73.9 

71 

415 

— 

19.7 

4A 

11.2 

56.2 

64 

301 

15.9 

48 

9.8 

50.8 

52 

316 

— 

14.4 

5A 

7.  7 

48.0 

44 

258 

— 

12.6 

5B 

26.2 

78.8 

89 

358 

— 

15.8 

6A 

12.5 

43.7 

7V 

278 

— 

11.7 

6B 

14.7 

47.6 

62 

319 

13.1 

107. 
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‘■rn  A  NT) 

r»YSTAL  DATA 

mn  y-N 

SO.  65 

Crv*t*I 

Wr* :  q  h  ♦ 

[  g  I  *  it  J 

( *i i« } 

Growth 

Bat* 

No , 

FW  f  f  r  p 

•  '  f  t»r 

8*f nrm 

Af  t*r 

{ gr*«»/<Uy 1  J 

1A 

21.4 

9<) .  1 

131 

472 

1.81 

9.0 

1  B 

1.6 

— 

62 

— 

— 

— 

IC 

15.2 

60 . 1 

106 

136 

1.18 

6.1 

2A 

21 . 1 

86. 5 

133 

419 

1.72 

7.5 

2B 

5.6 

24.7 

130 

360 

0.50 

6.1 

3A 

22.7 

97.7 

125 

393 

1.97 

7.1 

3B 

21.3 

70.  3 

133 

336 

1.29 

S.S 

4A 

2.4 

17.8 

55 

297 

0  40 

6.4 

4B 

18.7 

78.5 

122 

428 

1.57 

8.1 

4C 

3.  3 

18.8 

61 

293 

0.41 

6.1 

5A 

11.3 

62.7 

«1 

343 

1. 35 

6.9 

SB 

9.8 

57.6 

66 

331 

1.26 

7.0 

C-A 

4.6 

30. 1 

57 

275 

0.67 

5-7 

6B 

1.8 

13.  3 

53 

291 

0.30 

6.  3 

6C 

7.7 

46.4 

68 

332 

1.02 

7.0 
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Qry»t*l 

SUX)  AMD 

(  arai  5 

CRYSTAL  LATA  FOB  BfBf  BO. 

64 

Oravtb  JUt* 

No. 

B*f  or* 

AT  t*i 

or* 

Aa?.£ 

(g zsas/ssk) 

1A 

16.2 

95.  1 

72 

384 

5.24 

21.0 

IB 

17.  7 

32.5 

-- 

-  •- 

0.99 

.... 

1C 

21.1 

97.4 

70 

409 

3.08 

23.6 

2A 

14.4 

74.9 

68 

326 

4.04 

17.2 

2B 

9.9 

57.9 

67 

312 

3.20 

16.3 

3A 

9.0 

61.5 

58 

294 

3.30 

13.9 

3B 

13.  3 

72.5 

74 

337 

3.93 

17.3 

4A 

11.0 

29.1 

191 

362 

1.21 

11.4 

4B 

9.6 

59.6 

62 

313 

3.34 

16.7 

5A 

7.6 

46. 1 

44 

236 

2.70 

13.6 

SB 

6.7 

34.6 

65 

333 

1.84 

16.3 

6A 

5.4 

27.1 

84 

284 

1.45 

13.3 

6B 

15.2 

63.  7 

83 

304 

3.24 

14.7 
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SEED  ANJ 

CRYSTAL  DATA 

FOR  RUN  NO. 

67 

Crystal 

No. 

B»f nr» 

( gras ) 
After 

Thickness 

Befora 

(nils) 

Af  tar 

Orowth 
(graas/dayt  ‘ 

Pat* 

nils/ day ) 

1A 

1  3.  3 

76 

IB 

2.4 

— 

60 

— 

— — 

- 

1C 

14.0 

— 

83 

---- 

---- 

m 

2A 

12.6 

26.1 

73 

93 

0.750 

1.11 

2B 

14.  3 

28.  7 

75 

93 

0.800 

1.00 

3A 

14.9 

30.9 

63 

79 

0.889 

0.89 

3B 

17.5 

31.9 

71 

89 

O.POO 

1.00 

4A 

10. 1 

17.8 

65 

75 

0  428 

0.56 

4fl 

10.5 

19.5 

67 

75 

0.500 

0.45 

5A 

6.0 

11 . 2 

69 

76 

0.288 

0.39 

5B 

13.6 

22.5 

70 

71 

0.494 

0.06 

6 

11.7 

18.3 

70 

73 

0.366 

0.17 

110- 
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TABLE  XI 1 1  (Cootlm»*dl 
SEED  AND  C3TTSTAL  DATA  POE  (TOW  WO.  68 


Crystal 

• 

8 

** 

* 

■H 

I 

1 

Thick n*«> 

{•n»i 

Qrocrth  tat* 

No. 

B«for« 

A/  t«r 

*S£°£2 

A/t*r 

tar— /d*y) 

(•iU/dmr) 

1A 

13.1 

— 

61 

— 

— 

- 

IB 

2.2 

5.0 

137 

229 

0.19 

6.1 

1C 

21.8 

72.7 

95 

360 

3.39 

17.7 

3A 

11.2 

59 

— 

— ■ 

• 

2B 

10.5 

— - 

42 

mmm 

M 

m 

3A 

19.8 

70.3 

73 

303 

3.38 

15.5 

38 

6.4 

12.9 

137 

226 

0.43 

5.9 

3C 

14.7 

61.6 

68 

259 

3.12 

12.7 

4A 

22.2 

54.8 

124 

301 

2.18 

11.8 

48 

24.1 

59.6 

112 

271 

2.37 

10.6 

5A 

9.5 

50.  3 

45 

298 

2.72 

16.8 

SB 

5.1 

12.1 

92 

173 

0.47 

5.4 

5C 

17.3 

52.5 

96 

237 

2.35 

9.4 

6 

12.3 

31.9 

109 

234 

1.31 

8.3 

TABLE  XIII  ( Continued ) 


SBBD  AND 

Cryatel 

No. 

height  (gee) 
Before  After 

ntlckiMtsa 

Before 

After 

1A 

20.6 

77.8 

85 

298 

1.85 

6.9 

IB 

18.9 

82.9 

84 

297 

2.06 

6.9 

2A 

18.2 

86.2 

82 

340 

2.19 

8.3 

2B 

9.0 

26.5 

111 

293 

0.56 

5.9 

3A 

18.2 

78.5 

86 

281 

1.95 

6.3 

3B 

19.0 

81.4 

79 

295 

2.01 

7.0 

4A 

17.9 

68.2 

104 

299 

1.62 

6.3 

4B 

24.4 

76.6 

123 

348 

1.69 

r.  3 

5A 

6.7 

20.2 

119 

281 

0.44 

5.2 

5B 

16.5 

73.9 

73 

282 

1.85 

6.7 

6 

9.9 

37.1 

89 

260 

0.88 

5.5 

i 

i 

i 

it 

i 

i 
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TABU  XIII  (  Poe  tl  treed) 


S&SD  ANT) 

arrsTAi.  data 

fob  wan  no. 

,  70 

Cryetal 

Weight 

(grewe) 

Thic*me«e 

iwllf) 

Oraertli 

Fete 

No 

Before 

After 

Before 

After 

(elle/de*) 

1A 

4.  3 

12.4 

65 

IBS 

0.31 

7.5 

IB 

13.5 

54.7 

58 

22S 

2.57 

10.9 

1C 

3.8 

10.9 

63 

170 

Q  44 

4.7 

2A 

15.4 

59.2 

76 

223 

2.74 

4.2 

2B 

17.1 

81.5 

52 

230 

4.02 

12.5 

2C 

20.7 

69.1 

74 

267 

3.02 

12.0 

3A 

14.0 

51.5 

59 

223 

2.34 

10.2 

3B 

24.1 

85.1 

72 

212 

3.01 

8.7 

3C 

2.1 

5.5 

54 

131 

2.12 

4.8 

4A 

4.8 

9.3 

110 

167 

9.28 

3.5 

48 

19.3 

61.3 

68 

178 

2.62 

6.8 

4C 

14.2 

46.7 

58 

194 

2.03 

8.5 

5A 

22.3 

55.3 

93 

240 

2.06 

9.2 

SB 

13.1 

43.0 

65 

194 

1.87 

8.1 

6 

17.5 

49.0 

78 

204 

1.97 

7.8 
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TABL-g  XTTT  (Continue) 


SH8D  AND 

CRYSTAL  DATA 

FOB  FT  m 

NO.  71 

Crystal 

No. 

Neigh t 
Before 

(grass) 

After 

Thlcfcnsss 

Before 

(ail.) 

After 

<2ro«*th 

(grasa/day) 

Rate 

(mils/ day) 

1A 

5.2 

19.40 

87 

24 2 

0.  34 

3.7 

IB 

19.9 

91.58 

113 

347 

1.71 

5.6 

2A 

13.5 

109.89 

59 

317 

2.30 

6.1 

2B 

18.4 

87.10 

74 

329 

1.63 

6.1 

3A 

17.5 

78.71 

58 

283 

1.46 

5.4 

3B 

15.7 

71.61 

76 

297 

1.33 

5.3 

4A 

21.% 

88. 70 

83 

311 

1.60 

5.4 

4B 

20.  3 

89.  31 

72 

242 

1  64 

4.1 

5A 

21.2 

82.42 

76 

288 

1.46 

5.1 

5B 

13.6 

65.  37 

69 

284 

1.23 

5.1 

6 

4.0 

12.00 

83 

187 

0.19 

2.5 
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TAHUt  XT II  (Cowttrmxj) 


8880  AJO 

anrsiAL  data 

prw  row 

WO.  72 

Qnr«tAi 

Ho. 

{  gmm ) 

8*for*  After 

OtickBMt 
8* for* 

(*n«) 

After 

Qrowtii 

*«t* 

■i la/4*y) 

LA 

12.9 

51. 70 

45 

215 

2.16 

11.3 

ia 

ia.7 

61.18 

62 

229 

2.36 

11.1 

a* 

0.  A 

0.38 

71 

79 

28 

4.8 

16.50 

50 

205 

0.65 

9.7 

2C 

23.3 

66.30 

93 

260 

2.  39 

11.1 

3A 

14.6 

46.10 

72 

215 

1.75 

9.5 

38 

20.0 

59.60 

66 

265 

2.20 

13.3 

4A 

10.2 

26.75 

80 

214 

0.92 

8.9 

48 

14.1 

46  30 

63 

206 

1.79 

9.S 

SA 

14.7 

40.53 

73 

199 

1.38 

8.4 

SB 

21.9 

57.30 

72 

220 

1.97 

9.9 

6 

ISO 

43.93 

67 

182 

1.60 

7.7 
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TABLE  mi  (Continued) 


SSRD  AST) 

CRYSTAL  riATA 

FOR  RTJN  NO. 

73 

Cryttal 

Weight  (  g»« ) 

Thirkn*tl 

(wilt) 

Growth 

_ No. 

R#f  or# 

Af  tor 

for# 

A  f  tor 

{g»t/"Ur,  v 

l t/day ) 

1A 

28.8 

189.8 

80 

629 

4.  3 

15.7 

IB 

12.6 

137.1 

63 

5  76 

3.6 

14.7 

2A 

3.8 

35. 7 

52 

432 

0  9 

10.6 

2B 

20.2 

149.0 

95 

512 

3.7 

11.9 

2C 

19.8 

183.5 

72 

615 

4.7 

14.5 

3A 

22.0 

135.5 

85 

492 

3.2 

11.6 

3B 

9.5 

81.2 

61 

454 

2.0 

11.2 

4A 

11.2 

75.8 

86 

440 

1.8 

10.1 

4B 

9.2 

67.  3 

69 

419 

1.7 

10.0 

5A 

26.2 

109.3 

95 

395 

2.4 

8.6 

5B 

27.1 

96.3 

104 

367 

2.0 

7.5 

Qry»t*l 

MO. 

'•teiqht 

S&JTD  AND 

TAJSLJl  «1I  ( Corti-ra^l) 

anrsTAL  data  ftw  unrs  vn. 

74 

»At# 

(  i 

4oight 

3#for# 

(■il») 

Aft#r 

:'mi  owth 

3< f  or# 

Af  t#  r 

»i i %/dmy ) 

ia 

10. -4 

112.9 

?7 

4  3j 

3.  3 

12 . 8 

IB 

16.2 

129.0 

S9 

465 

3.0 

13.1 

2A 

20.2 

133.8 

67 

477 

3.7 

13.2 

2B 

16.9 

128.5 

62 

420 

3.6 

11.5 

M 

IS. 6 

90.8 

78 

435 

2.4 

11.  S 

3B 

1.1 

4.6 

67 

139 

3C 

8.1 

66.2 

47 

356 

1.9 

10.0 

4A 

15.4 

105.4 

58 

483 

2.9 

13.7 

4B 

16.  3 

125.6 

60 

462 

3.5 

13.0 

5A 

13.5 

102.2 

61 

410 

2.9 

11.2 

5B 

19.0 

122.6 

7? 

455 

3.  3 

12.4 

6 

13.4 

73.1 

- 

380 

1.9 

9.7 
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V> 


Crvi  t a i 

t  !  g its*  ) 

'  <*•!*} 

Or  ourth 

R»r» 

8«»r  >r  p 

'M»r 

orm 

i\ttOT  ( 

9*»/ 

1A 

9  .  8 

98.0 

71 

635 

2.6 

16.6 

IB 

9 .  a 

76.2 

89 

619 

1.9 

15.6 

2A 

13.8 

134.6 

72 

712 

3.6 

18.8 

2B 

11.2 

109.4 

71 

613 

2.9 

IS. 9 

3A 

11.8 

95.6 

91 

702 

2.5 

18.0 

3B 

20.6 

160.2 

80 

661 

4.1 

17.1 

4A 

6.4 

53. 1 

70 

593 

1.4 

15.4 

4B 

13.6 

96.8 

84 

542 

2.4 

13.5 

5A 

9.2 

60.0 

90 

572 

2.1 

14.2 

5B 

12.5 

75.7 

80 

526 

1.8 

13.1 

6A 

9.6 

52.2 

88 

435 

1.3 

10.2 

6B 

16.9 

73.0 

129 

537 

1.7 

12.0 

SEED  AND 

CRYSTAL  DATA 

FOR  RUN  NO. 

76 

1 

29.5 

152.7 

107 

456 

2.7 

7.6 

2 

26.0 

151.8 

96 

455 

2.7 

7.8 

3 

27.8 

148.9 

98 

448 

2.6 

7.6 

4 

14.3 

128.3 

50 

451 

2.5 

8.7 

5 

13.0 

106.3 

63 

419 

2.0 

7.7 

6 

15.8 

117.1 

68 

390 

2.2 

7.7 
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***  r.  •*"  ’ 

r  -fit  t  i 

vs-d 

*\l.  "AT\ 

ms 

«»o. 

V%  T  ll 

»•>  l  yh 

1  l  7"!i 

Thickr>»««  foils) 

Or  earth 

Ha  te 

Vo  . 

Bof  '•'r  *» 

A  f  e>  r 

(Wfor# 

After 

(os*/cUyj  < silt/ <tey) 

1A 

2 

95 . 5 

67 

581 

2.94 

17.1 

lb 

9.8 

102.4 

62 

518 

3.01 

15.2 

2A 

9.6 

105.0 

59 

535 

3.18 

15.9 

2B 

17.2 

124.2 

83 

494 

3.57 

13.7 

3A 

17.3 

106.4 

110 

501 

2.97 

12.9 

38 

16.2 

98.9 

80 

463 

2.75 

12.8 

4A 

11.5 

56.4 

87 

378 

1.50 

9.7 

4B 

20.5 

98.5 

90 

371 

2.60 

9.4 

5A 

9.0 

41.4 

66 

272 

1.08 

6.9 

5B 

9.  3 

55.0 

48 

256 

1.52 

6.9 

6A 

15.9 

37.  3 

96 

243 

0.71 

4.9 

6B 

14.  3 

46.6 

77 

235 

1.08 

5.3 

SEED  AND 

CRYSTAL  DATA 

FOR  RUN 

rtO.  78 

1 

24.8 

195.9 

498 

2.85 

7.0 

2 

29. 1 

210.5 

10. 

547 

3.14 

7.4 

3 

17.6 

198.2 

54 

53° 

3.01 

8.1 

4 

2i. a 

180.0 

70 

466 

2.64 

6.6 

5 

25.6 

175.4 

75 

460 

2.50 

6.4 

6 

16.4 

161.3 

53 

448 

2.42 

6.6 

•  .  ....  . 
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Gry*t a  1 

A  f»  ’  g  ! 

K  ♦  I  «  \ 

.  Jt  l 

7*' 4  .  km**!  .-:lt* 

Growth 

i>A 

No  . 

r  . 

n  .11  tor 

Ro  f  •>  r  c* 

A  f  *  t-  r 

( 

<jm»/<Li  y)  ( 

3i  1  s/VUy ) 

i 

22. H 

197 

5’ 

499 

2.64 

6.5 

2 

29 . 1 

194 

97 

546 

2.50 

6.8 

3 

32.9 

215 

91 

549 

2.  76 

6  9 

4 

19.2 

185 

60 

489 

2.52 

6.5 

5 

23.  3 

180 

79 

458 

2. 38 

5.7 

6 

16.6 

161 

55 

426 

2.18 

5.6 

SEED  AND 

CRYSTAL  DATA 

FOR  RUN 

NO. 

81 

1 

8.0 

43.4 

86 

361 

1.77 

13.8 

2 

5.0 

22.1 

79 

273 

0.86 

9.  7 

3 

1.9 

19.4 

28 

218 

0.88 

9.5 

4 

6.6 

24.5 

83 

258 

0.90 

8.8 

5 

5.0 

24.6 

75 

269 

0.98 

9.7 

SEED  AND  CRYSTAL  DATA 

FOR  RUN 

NO. 

82 

1 

11.2 

130.8 

45 

447 

2.14 

7.2 

2 

12.6 

121.0 

56 

432 

1.94 

6.7 

3 

20.5 

144.1 

82 

492 

2.21 

7.3 

4 

21.3 

196.9 

67 

520 

3.14 

8.0 

5 

25.  3 

199. 7 

72 

450 

3  11 

6.8 

6 

20.  8 

167.0 

61 

429 

2.61 

6.6 
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f-f-.n  Asri  '~pvi  taj  rvv r 
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A  r  ip  pt'j  vn 

■»  1 

Cryata.1 

Vo. 

w*M'jhT  f  jn ■<,  ) 
B**  f  ort»  A;  tor 

Thickn***  (=U«) 

Oroirtn  P.t  t  ® 

r » >  r  c> 

A  t  f  r 

(gM/rlay) 

>  *>  1 

1 

6.6 

34.  1 

90 

320 

.96 

7.9 

2 

4.5 

36.  7 

54 

314 

1.11 

■?.o 

3 

3.1 

27.  7 

45 

293 

.85 

0.0 

1 

3.  7 

24.2 

44 

239 

.71 

6.7 

5 

2.6 

IS. 9 

37 

183 

.46 

5.0 

SEED  AND  CRYSTAL  nATA 

for  RL*\'  mj 

« t 

1 

4.9 

38.3 

68 

342 

1.15 

9.5 

2 

3.  7 

24.8 

67 

343 

.  73 

9.5 

3 

4.  3 

31. 7 

66 

370 

10.5 

4 

3.2 

19.8 

43 

241 

.57 

6.8 

5 

3.1 

14  2 

69 

263 

.38 

6.7 

SEED  AND 

CRYSTAL  DATA 

FOR  RUN  NO. 

85 

1 

19.6 

159.6 

56 

392 

2.50 

6.0 

2 

42.1 

192.1 

128 

452 

2.68 

5.8 

3 

31.  a 

159.9 

95 

397 

2.29 

5.4 

4 

16.6 

164.2 

52 

400 

2.64 

6  2 

5 

23.  7 

158.9 

76 

406 

2.40 

5.9 

6 

28.1 

151.0 

77 

340 

2.19 

4.7 

-121 


’  1  k 


.  ■+ 1  !l 


;uair,UT,  »  ;  irvi'iit  Ag 

•*eiqht  it  Nutrt(’!it--  - - -■ 
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7* 
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Figure  43  shows  the  crystals  grown  in  Run  No  76. 

The  crystals  shown  here  are  typical  of  the  si2e  and  quality  of  crystals 
grown  using  the  conditions  given  above  The  cracks  and  other  defects 
visible  in  the  photograph  are  at  the  interface  of  the  grown  crystal 
and  the  seed  When  cut  along  the  interface  large  siabs  of  crack -free 
material  is  obtained. 

3  24  Silver  Corrosion 

From  the  very  beginning  of  the  hydrothermal  crystal 
growth  program  the  problem  of  sliver  corrosion  appeared.  Corrosion  of 
the  cans  was  a  serious  problem  not  only  because  of  possible  autoclave 
damage  but  also  because  the  silver  was  chemically  transported  ana  sub¬ 
sequently  deposited  as  crystalline  silver.  These  silver  crystals 
appeared  on  th?  can  top,  seed  rack  and  were  even  included  in  the 
crystals.  In  addition  to  this,  spectrographic  analysis  of  clear  ciy- 
stals  revealed  the  presence  of  silver  in  the  crystal  as  an  impurity, 
Table  XIV.  The  effect  of  such  silver  on  the  electrical  or  acoustical 
properties  if  the  crystals  ia  not  certain. 


The  approaches  to  reducing  or  eliminating  this 
corrosion  were  undertaken  until  the  solution  was  finally  found, 
l-aud-sc  -.nd  Korb1,1  at  Beil  Telephone  Laboratories  working  with  essen¬ 
tially  the  same  system  and  conditions  for  the  growth  if  ZaO  crystals 
had  never  encountered  this  silver  corrosion  problem  The  only  outstand¬ 
ing  difference  between  the  two  systems  was  that  tne  Beil  Telephone 
Laboratories  autoclaves  have  a  permanent  silver  liner.  The  liner  is 
fabucated  from  "vacuum  melted  oxygen-free  silver,”  hereafter  re¬ 
ferred  to  as  VMOF  silver  The  silver  used  for  the  can,  baffle,  etc. 
at  Airtron  was  high  purity  silver. 


VMOF  silver  was  purchased  and  in  the  first  run  in 
which  it  was  used  there  was  little  or  no  silver  attack  (Run  No.  63.) 
In  this  run,  however,  it  was  quite  clear  that  the  AT  was  low  as  seen 
from  the  (in  grtr-ih  rati  if  12  nil r/ day)  In  the  following  runs 
where  a  higher  AT  was  employed  the  extent  of  silver  corrosion  with 
VMOF  silver  was  as  great  as  it  had  been  with  the  fine  silver. 
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43  -  High  Quality  Crystal*  fra*  Run  No.  76 


SPECTROGRAPHIC  ANALYST?  .-'Pa  HYDROTHERMALf.Y  GROWN  Zn<) 


Ledoux  &  Co.  Ar.alysia  No.  84454" 


Crystal  from  Run  No.  55 

Regular  Can ) 


Crystal  from  Run  No.  59 
(Gold  Plata d  Cap) _ 


Silver 


0.03* 


0.003* 


Aluminum 


0.005% 


0.003% 


Gold 


ND  <  0.01% 


ND  <  0.01  % 


Other  elements  not  detected. 


High  -  indicates  10  -  100  % 


ND  <  -  not  detected  less  than. 


124. 


Pll-5  *4 


n  t  i  nti** '  i ) 


The  second  approach  to  eliminating  the  silver  corrosion 
was  to  replace  silver  with  another  nobie  metal.  Since  platinum  or  gold 
would  be  excessive  in  cost  an  alternate  approach  of  golu  plating  the 
internal  surfaces  of  the  cans  was  used.  Nu-Line  Industries  inc  *  elec- 
troohemi cai ly  gold  plated  the  can,  baffle  and  seed  rack  with  approxi¬ 
mately  02  mils  thick  ooid.  This  can  was  used  in  Run  No.  59. 

The  crystals  grown  on  the  better  seeds  in  this  run 
were  very  high  quality  crystals  showing  little  or  no  flawing  and  were 
completely  transparent.  The  outstanding  featuro  of  the  crystals  was 
the  color  of  the  crystal  in  the  0001>  direction.  Instead  of  the 
normal  buff  color,  this  part  of  the  crystal  was  emerald  green  atjd  as 
a  result  the  whote  crystal  appeared  to  be  that  color.  The  OOOl> 
side  of  the  crystal  was  the  usual  pale  green. 

Examination  of  the  ladder,  baffle  and  wails  of  the 
can  revealed  that  aimost  all  the  gold  plating  on  the  baffle  and  x adder 
had  been  dissolved  away,  but  that  the  walls  had  not  been  attacked  to 
any  extent.  The  nature  or  cause  of  this  dissolution  of  gold  is  not 
known.  Why  the  dissolution  was  limited  to  the  ladder  and  baffle  ia 
also  unknown.  There  was  no  evidence  of  gold  deposits  anywhere  as  had 
happened  in  the  case  of  the  silver  corrosion.  There  was  also  no 
evidence  of  silver  attack. 

Considering  the  gold  dissolution  and  appearance  of 
a  new  green  color  to  the  crystal,  it  seemed  obvious  that  the  two  were 
related  However,  x-ray  fluorescence  and  spectrographic  analyses  were 
performed  on  a  sample  of  this  material,  and  also  a  crystal,  from  Run 
No.  59  for  comparison,  and  neither  technique  revealed  the  presence  of 
gold  in  either  sample.  The  limits  of  detection  were  about  1,000  ppm 
for  the  x-ray  fluorescence  and  100  ppm  for  the  spectrographic  analysis. 
The  data  from  the  spectrographic  analysis  are  presented  in  Table  XI/. 
Aside  from  not  detecting  any  gold,  the  effectiveness  of  the  goxd  pia- 
ting  is  shown  in  order  of  magnitude  decreases  in  the  silver  content. 

The  cause  and  solution  to  the  problem  was  indicated 
from  several  observations: 

1.  Increases  the  size  of  the  system,  increases  the 
extent  of  the  silver  attack 

2.  The  larger  the  AT,  the  greater  the  reaction 

3.  Use  of  oxidizing  agents  in  other  hydrothermal 

systems  t.  increased  the  silver  attack 


Nu-Line  Industries  Inc.,  1015  South  Sixth  Street,  Minneapolis, 
Minnesota  55415 
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be  tr .Tin-  '  -'Jt  ;  rtr  •-»«  -;r<o  ;t  -iviuxti  be  more  reactive  to¬ 
ward  oxidti-ig  \oi  t  tin  i» :  Iver  and  »hon  oxidize  1  would  form  Ion* 

which  arc  atiea.Jv*  '.'r»»rnt  in  the  joiutnm  Fun  No.  71  was  the  first 
run  in  which  a  icau  pine*  (,%.**- "5  .71a)  of  tine  metal  waa  staled  in  the 
nutrient  section  of  the  cm  The-e  was  no  trice  of  , ’ lv  r  deposit  or 
corrosion  anywhere  in  the  system.  In  every  run  after  that  to  'hich 
zinc  metal  was  added  there  was  no  corrosion 

The  mechanism  by  which  ihf-  silver  corrosion  appears  is 
as  follows.  The  initial  attack  on  silver  is  caused  ty  oxygen  dissolved 
in  the  KGK  solution  and  in  the  air  entrapped  in  the  silver  can  during 
its  closure.  In  the  nutrient  zone,  the  hottest  part  of  the  can,  a 
soluble  sliver  complex  is  formed  which  is  convectively  transported  to 
the  cooler  regions  of  the  can.  Because  of  thermal  disturbance  of  the 
equipl ibrium  a  disproportionation  reaction  occurs  which  yields  metallic 
riiver  and  a  silver  complex  of  higher  oxidation  number. 

Similar  thermally  dependent  disproportionation  re¬ 
actions  are  popularly  used  for  the  vapor  phase  growth  of  III-  V 
pounds  The  lack  of  therraodynann  c  data  for  the  possible  riiver  species 
at  the  elevated  pressures  and  temperatures  makes  it  impossible  to  assign 
definite  oxidation  spates  to  the  silver  in  the  transporting  complex  10ns. 
In  this  system  the  silver  was  principally  deposited  in  the  two  regions 
where  the  teroerature  drops  are  greatest,  at  the  baffle  plate  (its  pur¬ 
pose  is  to  divide  the  fluid  into  two  temperature  regions),  and  the 
top  of  the  can  where  the  heat  loss  to  the  ambient  is  greatest. 

This  proposed  mechanism  explains  the  initial  .'-liver 
attack,  its  continued  transport  during  the  course  of  a  run,  and  the 
observations  which  lead  to  using  a  reducing  agent  - 

The  added  zinc  metal  is  effective  since  it  probably 
reacts  with  the  enclosed  oxygen  and  water  to  form  zinc  (II)  ions  and 
hydroxide  10ns,  both  of  which,  are  already  present  m  the  solution. 

Any  zinc  metal  in  excess  of  the  amount  tha  i  is  not  oxidized  by  the  oxy¬ 
gen  reacts  with  the  fluid  to  form  hydrogen. 

The  solving  of  silver  corrosion  in  this  system  is 
important  since  it  also  provides  a  possible  somtion  to  noble  metal 
corrosion  in  other  systems.  For  example  although  the  silver  attack 
in  the  hydrothermal  ruby  system  is  not  as  extensive,  the  addition  of 
metallic  aluminum  completely  eliminates  any  trace  of  silver  deposits. x 
Yttrium  metal  should  also  eliminate  the  silver  attack  in  the  hydro¬ 
thermal  growth  of  f  jre-jC^,  . 


.  t  .  .  .  —  ,  ■  *,  . 
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rh<>  r  \tus  used  to  dimsi  r.'  I'li-rtrical  ri’tisti vilv  was 

-  i  \  ’  1  \r  to  t h  1 1  j-i'il  bv  Kolb  inn  Laudise,  °  using  the  '.'-I  technique. 

In  thio  technique  a  i.yasurc  rl  d.c.  current  is  made*  t  i  pass  through  the 
s.rnip’e  an  !  i  he  </.•>!  taoe  drop  i  s  cp.isurod,  the  samp  ’  resistivity  is 
caiculatee  frem  the  voltage,  u.rent,  and  dimensions  of  the  iaopl@. 

The  cir-  lit  diagram  of  the  set-up  is  shown  in  Figure  44 
The  jig  for  holding  the  sample  was  enclosed  n  a  ttetal  box  tv  provide 
electrical  and  lignt  shielding  of  the  sample  during  measurement.  The 
jig  for  holding  the  sample  waa  FF-91  formica  and  the  samole  contacts 
were  a  brass  pin  ana  golu  foil.  The  direct  current  source  was  pro¬ 
vided  bv  four  7  v  batteries  connected  in  series.  The  current  and  vol¬ 
tage  were  measured  jv  means  of  two  ceters :  1)  Keithley  iodel  150A 

Microvolt  Ammeter  for  small  currents  and  voltages;  and  2)  a  Triplett 
Model  tiOO  multipurpose  metor  for  the  large  currents  and  voltaoes.  By 
appropriate  interchanges  of  the  meters,  the  entire  ranoe  of  resistivi¬ 
ties  ( 10~  -1012  ohm  cm)  could  be  measured. 

The  sa' — 'te  was  prepared  by  machini  iu  a  par allelopiped  typi¬ 
cally  about  7mm  x  2.5mm  x  1mm.  The  ends  «ere  then  abraded  ,.nd  two 
opposing  sides  coated  with  a  Hg-  ».n  alloy  for  contacts. 

The  resistivity  measurements  are  presented  ir.  Tables  XV 
ar.d  XVT  .  In  some  cases  a  large  photo  effect  has  been  noticed.  In 
all  casv.  whero  this  has  appeared  the  reported  measurement  was  not  made 
until  after  photo  effects  had  de  :ayed  (usually  more  than  24  hours). 

This  p.ioto  effect  is  not  new.  It  is  interesting  that  in  some  crystals 
a  large  effect  is  noted;  whereas,  in  other;,  .here  is  little  or  no  effect 

4 . 2  Doping 

4.2.1  Li thium 

As  already  pointed  out  it  is  fortunate  tnat  the  Li  + 
ion  in  ZnO  acts  both  as  an  impurity  improving  crystal  quality  and  to 
generate  an  acceptor  center  so  that  compensation  may  be  attained.  The 
majority  of  ruas  nade  during  the  lifetime  of  the  contract  all  employed 
lithium  as  dopant  -rith  the  exception  of  an  indi.ua  doped  run  and  several 
copper  doped  runs. 

Having  obtained  good  sound  crystal*  of  reasonable 
size,  resistivity  samples  of  both  the  c+  side  and  c"  side  were  cut 
from  a  crystal  of  earh  run.  In  gene-al  the  crystals  from  the  c  side 
were  of  high  resistivity  i.e.  >104wcm.  Jn  the  other  hand  the  c"  side 
was  of  low  resistivity  <10-<^cm.  The  difference  is  obvious  due  to  the 
way  in  which  the  Li  and  zinc  are  incorporated  just  as  the  anisostropy 
in  growth  rate,  etc.  Spectroscopic  analysis  for  lithium  on  both  sides 
of  the  crystal,  however,  did  not  reveal  sufficiently  large  difference 
in  concentration  to  account  for  the  orders  of  magnitude  differences 
in  resistivity. 
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Crystal 

Side 
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♦ 

c 

Cylindrical 

8.6  *  107 

19 

♦ 

c 

Cylindrical 

7.9  x  10®  # 

-a 

39 

c" 

Rectangular 

4  4  1  10 

39 

c 

Rectangular 

4.2  x  10-4* 

•<*.».»  ■'  •  -*V--  »:  »•  ' 

41 

♦ 

c 

Rectangular 

1.4  x  10® 

41 

♦ 

c 

Cylindrical 

2.4  x  10® 

41 

♦ 

c 

Rectangular 

9.6  x  106+* 

41 

e" 

Rectangular 

i.9  x  lor1 

43 

♦ 
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Rectangular 

2.6  x  10T 

♦ 

7 

45-4 

c 

Rectangular 

4.3  x  10 

45-4 

c* 

Rectangular 

9  *> 

6.7  *10  r 

45-2 

c 

Rectangular 

6.4  jt  10"* 

4ft- 1 

+ 

c 

Rectangular 

2.6  x  10* 

J 

4ft-l 
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Rectangular 

2.1  x  10 

50-6 

♦ 

c 

Rectangular 

2.0  x  106 

50-6 

*> 

c 

Rectangular 

S. 2  x  10® 

51-3 

♦ 

c 

Rectangular 

3  x  10* 

41  After  heat  treating  in  air  at  600*C  for  30  boors. 
**  Measured  perpendicular  to  e-axis. 
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As  the  contract  proceeded  and  the  measurement  was 
refined,  heat  treatment  of  the  resistivity  samples  was  also  carried 
out.  The  purpose  of  the  heat  treatment  was  to  diffuse  out  or  to  lo¬ 
cate  on  lattice  sites  the  residual  interstitial  zinc  or  lithium.  In 
any  case  In-Hg  amalg&n  was  removed  from  the  sample  which  was  then 
placed  on  inert  substrate.  The  sample  was  then  heated  in  air  for  50 
hours  at  800 °C .  After  this  time  the  resistivity  was  vomMasured. 

Until  the  silver  corrosion  problem  was  solved  the 
samples  would  exhibit  very  large  photo  conductivity  effects  on  the 
c  side.  Analysis  of  the  crystals  has  shown  that  these  crystals 
contained  significant  amounts  of  silver  and  the  photo  conductivity  baa 
been  attributed  to  the  presence  of  such  silver.  Once  the  corrosion 
was  eliminated  very  little  or  no  photo  effects  were  noted.  Also  of 
interest  is  that  the  c*  side  of  crystals  grama  daring  the  silver 
corrosion  period  were  buff  colored  while  those  which  warm  silver  free 
were  colorless.  The  c~  side  in  all  cases  was  pale  green. 

Throughout  the  course  of  the  work  attempts  mere  made 
to  relate  the  resistivity  of  the  crystal  to  any  and  all  of  the  growth 
parameters.  Since  Laudise  and  Kolb1  ’  had  shown  a  relationship  of 
resistivity  after  heat  treatment  to  lithium  content  this  same  attempt 
was  made  to  crystals  grown  during  this  work.  No  relationship  was 
established.  Ouly  in  the  case  where  lithium  was  omitted  from  the  fluid 
(Run  No.  74)  was  a  significant  difference  in  resistivity  noted.  Other¬ 
wise  there  is  no  apparent  relationship  of  resistivity  to  lithium  con¬ 
tent.  As  stated  previously  the  growth  conditions  for  most  runs  varied 
quite  significantly  making  it  difficult  to  compare  reeults.  Work  per¬ 
formed  at  the  end  of  the  contract  and  since  that  time  may  help  shed  some 
light  on  the  reasons  for  being  unable  to  relate  and  interpret  the  re¬ 
sistivity  results. 


Dr.  Hickernell  of  Motorola,  Electronics  Division, 
Scottsdale,  Arizona  was  in  receipt  of  several  samples  of  ZnO.  Among 
these  were  one  lithium  doped  sample  (76-5)  and  two  copper  doped  samples 
(73  and  75-4B).  Dr.  Hickernell  measured  the  resistivity  of  this 
sample  (76-5)  and  found  it  to  be  0 . 5- 2xlO®4V cw  which  is  about  two 
orders  of  magnitude  greater  than  an  Airtron  measurement  on  crystal 
76-2.  While  somewhat  disturbing,  the  difference  is  not  surprising  as 
will  be  discussed  in  section  4.3.  Dr.  Hickernell  also  attempted  to 
measure  the  mobility  of  this  sample  but  its  resistivity  was  too  high 
for  a  good  measurement .  Acoustic  velocity  measurements  were  also 
made  on  these  samples  and  are  summarised  in  Table  XVII. 

4.2.2  Copper  Doping 

Copper,  like  lithium,  serves  to  produce  acceptor 
centers  which  can  increase  the  crystal  resistivity.  The  objective  in 
attempting  copper  doping  in  the  ZnO  crystal  growth  mas  to  produce 
crystals  in  the  10^  _  105JXcm  region. 
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The  first  run .  No.  72,  was  successful  la  protHcing 
lower  resistivity  material.  J n  this  run  24  grass  oi  CuO  were  tddsg 
to  the  nutrient.  The  complete  operating  conditions  for  All  the  cop¬ 
per  doped  runs  are  presented  in  Table  XI  •  The  growth  teeperature 
in  this  run  was  284°C  with  a  AT  of  24°.  After  the  runs  there  was 
evidence  of  CuO  crystals  in  the  growth  chamber  indicating  that  the 
solution  had  been  saturated,  thus  limiting  the  amount  of  copper 
ions  available  for  Incorporation  into  the  ZnO  crystals.  The  resulting 
crystals  were  fairly  high  quality,  with  the  c*  side  hairing  a  pale  brown 
color  and  the  e~  aide  being  dark  green. 


heat  trea 


The  resistivity  of  the  c+  side  was  100 -fL < 
t  increased  to  lOOtWXcm.  ■  • 


*•  I-y.l 


In  order  to  increase  the  amount  of  oopper  in  the 
next  run,  the  crystallisation  temperature  was  increased  from  284 *C 
to  333°C.  Two  such  runs  (Nos..  73  snd  75)  were  made  in  which  30.0 
grams  of  CuO  (No.  73)  and  26.1  grams  of  CuO  snd  3  grams  of  copper  metal 
(No.  75)  were  added  to  the  nutrient.  The  crystals  mere  high  quality 
and  had  resistivities  of  sbout  lOOO^^cm  which  did  not  increase  sub¬ 
stantially  on  heat  treatment. 

The  crystallisation  temperature  in  Bun  No.  77  waa 
increased  to  384  °C  trying  to  raise  the  resistivity  to  104J\.cm 
or  greater.  In  the  run,  the  crystal  quality  deteriorated  to  the  point 
where  it  was  difficult  to  find  a  section  sufficiently  large  to  fabri¬ 
cate  a  resistivity  sample.  A  piece  measured  4  x  103-CV.cm  which  on 
heat  treatment  completely  decrepitated.  Thus  it  appeared  that  further 
increasing  of  the  crystallisation  temperature  would  not  increase  the 
degree  of  compensation  and  the  crystal  quality  would  probably  continue 
to  degenerate. 

Dr.  Hickernell  measured  the  resistivities  in  the  low 
ioIjv  cm  range  for  the  crystals  from  runs  Nos.  73  and  75  which  were  in 
agreement  with  the  Airtron  measurements.  Dr,  Hickernell  also  mea¬ 
sured  the  mobility  of  these  two  samples  and  obtained  values  of  161 
e*2/volt  sec  and  136  cm2/volt  sec  for  Nos.  73  snd  75  respectively. 
Airtron 1  s  nobility  measurement  on  the  heat  treated  sample  from  run  No. 
72  waa  152  cm2/ volt  sec.  Dr.  Hickernell  determined  the  electromechan¬ 
ical  coupling  factor,  *15,  for  crystals  75-6  and  obtained  a  value  of 
0.26  which  he  compared  with  values  of  0.24  -  0.28  which  we  bad  measured 
on  lithium  doped  crystals. 


4.2.  3 


In  Run  No.  67.0  lm  In(CH)  3  waa  addsd  in  an  effort  to 
lower  the  resistivity,  hopefully  to  103  cm  or  less... Indium  has  been 
shown  by  Kolb  and  Laudisei6  to  be  a  donor  type  impurity  in  ZnO.  A 
lowering  of  resistivity  was  produced  in  two  run*  at  Bell  Telepbooe 
Laboratories  by  adding  In(CH) 3  to  normal  growth  solution.  The  r*^ults 
of  Run  No.  67  were  quite  surprising.  Little  or  no  growth  occurred  in 
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the  <0001>  direction,  hownver,  lateral  growth  in  the  <10l0>  and  <1120> 
direction  wai  very  extensive.  In  addition  to  the  lack  of  a  growth  in 
the  <XX)1>  direction  both  side*  of  the  seed  were  covered  with  spon¬ 
taneously  nucleated  crystals.  The  spontaneously  nucleated  crystals 
were  peculiar  for  two  reasons.  The  usual  habit  or  fora  of  snontane- 
ously  nucleated  crystal  in  the  hydrothermal  system  is  a  hemiaorphic 
nugget  with  nearly  equal  width  and  height.  In  this  run,  however,  the 
crystals  were  much  like  those  obtained  fress  molten  salt  crystallisation 
which  have  the  plate  like  habit  width  0001>  faces  forming  the  major 
surfaces.  This  habit  was  undoubtedly  also  another  manifestation  of 
impurities  changing  crystal  growth  rates. 

The  second  peculiarity  of  the  spontaneous  nucleatioo 
was  that  the  crystals  occurred  principally  over  the  original  seed 
crystals  and  were  not  over  any  of  the  new  lateral  growth,  Figure  45  . 
Figure  46  shows  another  crystal  from  this  same  run  but  with  the  spon¬ 
taneously  nucleated  crystals  scrapped  away  from  the  surface.  The  ex¬ 
tent  of  lateral  growth  and  lack  of  (OOOl)  growth  is  clearly  shown. 

The  lateral  growth  appeared  to  be  of  quite  high  quality  and  was  a  pale 
blue-green  color.  The  spontaneously  nucleated  plates  were  also  of 
the  same  color. 


In  addition  to  the  spontaneous  nudeation  on  the  seeds, 
the  rralls  of  th*  can,  ladder  parts  and  top  were  blanketed  by  a  deposit 
of  the  ZnO  plates.  _ _ 

4. 3  Run  Uniformity  and  Crystal  Uniformity 

Considering  the  scatter  of  resistivity  results  from  run  to 
run  the  question  arose  as  to  the  uniformity  of  the  doping  of  crystals 
within  a  run  and  this  uniformity  within  a  single  crystal. 

Resistivity  c»amples  from  four  of  five  crystals  of  run  Nos. 

33  and  84  were  cut  and  the  resistivity  measured.  All  samples  were 
heat  treated,  and  measured.  Some  of  these  have  undergone  three  heat 
treatments.  The  results  are  presented  in  Table  XVITI. 

As  can  be  seen  from  the  data  the  virgin  crystals  show  a 
wide  range  of  resistivity  of  104-A.  cm  or  greater.  Upon  heat  treatment, 
however,  this  spread  is  reduced  to  one  order  of  magnitude.  Subsequent 
heat  treatment  up  to  three  show  less  and  less  change  in  resistivity  with 
each  heat  treatment  cycle. 

It  appears  that  the  initial  resistivity  cannot  be  reasonably 
controlled  by  growth  conditions.  Bach  subsequent  heat  treatment, 
either  by  diffusion  or  by  site  incorporation  of  impurities,  Li and 
zinc  tends  to  bring  the  sample  to  a  final  or  "equi librium”  1  resisti¬ 
vity. 


Similarly  a  crystal,  No.  84-3,  was  made  into  12  samples  to 
construct  a  resistivity  map  of  the  crystal.  Figure  47  shows  the  map 
and  values.  As  with  the  individual  crystals  there  is  a  large  spread 
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Figure  45  -  Crystal  from  Run  No.  67  Showing  Spon¬ 
taneous  Nucleation  and  Lateral  Growth 
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TABLE  XVIII 


R»«l«tlvlty  Chang*  on  Sub«ogj«n,t  H«at  Tr«itwnt> 


Cry«t*l  No. 


Virgin 


H.T.  No.  I 


H.T.  No.  2 


83-2 

c* 

4.9  x 

103 

4.5  X 

103 

5.3  x  103 

83-3 

c* 

3.9  x 

102 

3.8  x 

TO4 

83-4 

c* 

3.8  x 

104 

6.1  X 

104 

83-5 

c* 

9.1  x 

105 

3.0  x 

1C* 

.'.4  x  103 

84-2  c+  2.7  x 

84-3  C* 

84-4  c*  6.5  x 

84-5  c+  7.2  x 


10s 

6.0  X 

104 

3.3  X 

105 

104 

8.9  X 

104 

10* 

1.8  x 

104 

2.6  X  1G4 


5.4  x  103 


.T.  No.  3 

2.9  x  103 

1.9  x  103 

1.3  x  104 

2.8  x  103 


I  Zd~ 


A 

B 

C 

D 

B 

F 

0 

H 

X 

J 

K 

L 


84-3  c* 

Resistivity  .Acu) 


Virgin 


Pi.st  H.T. 


CO  3.2  x  105 

3.8  x  104  1.7  x  105 

2.8  x  104  1.2  x  105 

3. 3  x  107  1.5  x  105 

1. 3  X  104  4.  5  x  104 

4.6  x  105  l.J  x  lO5 

5.3  x  lO5  1.2  x  10s 

1.6  x  105  5.8  X  104 

4.6  X  104  1.5  x  105 

4.0  x  104  2.1  x  105 

2.5  x  105  8.4  x  104 

6.7  x  104  1.6  x  104 


Figurs  47  -  Resistivity  Map  Crystal  No.  84-3 


in  resistivity  for  the  virgin  crystal.  Co  hMt  tmtiog  tlvt  ip(Md 
ess  reduced  to  About  on*  order  of  magnitude. 


The  final  run  aade  under  tn*  contract  «u  No.  85  which  esa 
a  lara*  crystal  growth  run.  Zinc  r  a  dm  for  nutrient  prspuitioa  had 
been  frost  the  sane  lot  throughout  *ve  contract  up  to  this  run  in  which 
a  new  lot  ns  used.  Th*  crystals  grown  using  this  now  lot  were  groan 
in  color  coopered  to  the  previous  colorless  notorial. 


An  analysis  of  both  lots  was  obtained  bat  no  detwetablo 
differences  were  noted.  Table  XIX.  Even  though  the  ZaO  is  of  high 
purity  doe#  examination  of  this  naterial  showed  that  it  contained 
many  fine  foreign  particles  amf  several  large  pieces  of  awtallie  chips. 


It  appears  that  coessercially  available  sine  oxide  powder 
cannot  form  the  basis  of  a  process  shore  the  addition  of  snail  anaanta 
of  imparities  can  radically  affect  the  electrical  properties  of  the 
crystal.  It  also  appears  that  no  data  on  virgin  crystals  la  reliable 
because  of  the  large  variation  noted  free  crystal  to  crystal  and  within 
a  crystal.  Atcour aging  though  is  the  fact  that  on  hast  treatment  the 
resistivity  does  appear  to  reach  an  '’equilibria*'*  value. 
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AMJt  XIX 


Slim 

Alualnua 

Aritnic 

Gold 

Boron 

Baxiua 

Barylliua 

Bimtli 

Calciua 

Ctdiioa 

Cobalt 

Chraaioa 

Coppor 

Iron 

Galliun 

Gcrnaniua 

Hafniua 

Lithiua 

Indian 

Irldiua 

M««m«iua 

Han  gam*  a* 

Ho  lybcWnua 

Sodiua 

Coluabiua 

Nickal 

Oaaiaa 

Land 

Palladium 

Plat inua 

Rhodi.ua 

Ruthaniua 

Antiaony 

Silicon 

Strontiua 

Tan  tal ua 

Tallnriua 

Thallium 

Titanium 

Vanadi  a a 

Tun g» tan 

Zinc 

Zirconiun 

Tin 


Lot  Wo.  1 

NDcO.OOl* 

NDcO  tvjl% 

NDcO.OS* 

NTVO.OS* 

NDcO.OOS* 

NDcO.OOl* 

NDcO.OOl* 

NDcO.OOl* 

NDcO.OOS* 

NDcO.OS* 

ndco.ooi* 
NDcO.OOl* 
ndco.ooi* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OOS* 
NDcO.OS* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OS* 
0.003% 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OOS* 
NDcO.OOl* 
NDcO.OS* 
NDcO. 003* 

ndco.ooi* 

NDcO. 005* 

NDcO.OOS* 

NDcO.OS* 

NDcO.OS* 

NDcO.OOl* 

NDcO.OOl* 

ndco.os* 

NDcO.l* 
NDcO. 01* 
NDcO.OOl* 
NEtO.OOl* 
NDcO.  03% 
Ki^h 

NDCO.OOI* 

NDcO.OOl* 


«  J-V'/y-?  •  •;  •  •  *\  VS 


iSSJ^JL 

NDcO.OOl* 
NDcO.OOl* 
NDcO.OS* 
NOcO.QA* 
MDCO.0O9* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OOl* 
NDCO.OOS* 
-  NDCD.Q3* 

•  NDcO.OOl* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OOl* 
NDCO.OOS* 
NDcO.OS* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OS* 
0.003* 
NDcO.OOl* 
NDcO.OOl* 
NDcO.OOl* 
NDCO.OOS* 
NDcO.OOl* 
NDcO.OS* 
NDC0.003* 
NDcO.OOl* 
NDCO.OOS* 
NDCO.OOS* 
NDcO.OS* 
NDcO.OS* 

NDcO.OOl* 

NDcO.OOl* 

NDcO.OS* 

NDcO.l* 

NDcO.Ol* 

NDcO.OOl* 

NDcO.OOl* 

NDcO.OS* 

**Igb 

NDcO.OOl* 

NDcO.OOl* 


NDc  -  Not  Datactad  Lc*«  Ulan 


3.0  CONCLL’S  TONS 


this  report  contains  the  description  o#  the  manufacturing  tsctaslow 
required  to  producs  large  high  quality  crystals  of  sine  osidt.  It  la  a 
peculiar  situation  that  with  all  that  is  known  concerning  ZnO  and  all  at 
the  interest  in  it  as  a  material  no  device  requirements  for  large  assents 
of  saterlsl  yet  exist.  It  is  a  case  where  the  crystal  growth  technology 
has  preceded  the  cor ror ponding  device  devopwent.  Part  of  the  reaeon  for 
this  nay  be  that  before  thia  contract  only  snail  vapor  grown  crystals 
were  available  which  were  not  suited  for  device  fabrication. 

The  work  performed  in  the  molten  salt  area,  though  not  completely 
successful ,  did  provide  sufficient  seed  material  for  the  hydrothermal 
process  st  that  time. 

The  hydrothermal  portion  at  the  program  warn  quite  tmocesafal  la 
that  it  was  demonstrated  that  very  large  crystals  at  high  quality  could 
be  grwm  by  this  process.  Although  crystals  doped  at  all  resistivity 
levels  cannot  be  grown  ss  reproducibly  as  desired,  crystals  cih  be  groara 
in  the  102  -  105  range.  Thia  ia  the  range  required  for  acoustic  ampli¬ 
fier  devices.  Furthermore  crystals  have  been  grown  with  very  high  resis¬ 
tivities  and  it  nay  be  that  thia  area  nay  be  brought  under  better  control. 

Prior  to  this  contract  the  only  large  crystal  hydrotheraally  grown 
was  quarts.  The  hydrothermal  technique  for  crystal  production  has  thus 
been  extended  and  concomitantly  new  techniques  had  to  be  developed.  In 
order  to  grow  large  ZnO  crystals,  the  large  silver  can  technique  was  per¬ 
fected  and  a  positive  sealing  procedure  for  the  can  waa  developed. 

As  opposed  to  quarts  where  aeaite  ia  generated  to  insure  the  sealing 
of  the  autoclave,  only  water  is  present  in  the  external  fill  and  the 
sealing  pieces  of  the  autocli.ve  must  be  perfect  if  the  seal  is  to  close 
effectively.  In  order  to  accomplish  such  sealing  on  a  routine  but  guar¬ 
anteed  basis,  certain  tools  and  techniques  mere  evolvsd  during  the  course 
of  the  program. 

In  addition  to  the  new  tools  to  be  used  with  the  autoclaves,  the 
autoclave  design  itself  was  improved  so  that  the  manufacturer  has  inclu¬ 
ded  these  modifications  in  this  standard  vassal. 

Several  unexpected  problems  were  encountered  during  the  workt  one 
of  these  was  silver  corrosion  under  hydrothermal  conditions.  This  form 
of  corrosion  had  not  bean  reported  until  this  tims.  Considering  the 
serious  consequences  of  the  corrosion  it  was  imperative  to  solve  the 
problem.  The  solution  was  achieved  and  similar  techniques  have  been 
applied  to  other  hydrothsreal  systems  (AI3O3,  YXG,  BeO)  to  eliminate  the 
corrosion  in  those  systems. 

Another  problem  which  aroee  waa  the  discovery  that  the  phenomenon 
of  electrical  twinning  occurs  in  hydrothermal  ZnO.  The  formation  of  the 
twin  during  crystal  growth  could  not  be  eliminated  but  twinned  material 


ConclMOlooo  (Continued) 

«U  r f o»i J  Mechanically  ^t«r  growth. 

Capper  doping  In  the  hydrotl* real  was  tin t  tad  —a—— 

achieved  Li  producing  high  quality  c.'ya t ala  let.  the.  iatinadUla  wait* 
tivitv  rtmy.  The  largest  sine  oxide  crystal#  mi  gram  {IS  crystal* 
all  weighing  in  oxetM  at  ISO  gram  **rt  prodmitai  Miami  t*  tha 
Air  Force  Material*  Laboratories. 

In  addition  to  graving  and  da  11  va ring  tfaa  ripirai  largo  crystal* 
it  should  be  noted  that  throughout  the  cow  mm  mi.  the  o or  'racy  largo 
mm bora  at  cryatalo  htvt  bean  as  da  available  tai  do  11  so  end  t*  —nr  ro» 
searchers.  Thaos  include  covsrmaot,  indue  trial  o ad  adaoatt  sea  I  1  abas' 
atoriaa  whose  interest  varied  from  the  — aiuro— t  a£  itndOMOtal  pror »r- 
tiea  of  ZnO  to  device  fabrication.  It  is  hoped  that  aataiial  isai  this 
pcsgraai  will  abed  ass  lipd  on  tbs  feada— ntal  pgipiiHoo  and  *1*14  a 
device  for  which  crystal  material  la  readily  available* 
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6.0  «OCW«Wt)ATICKS  Ft*  JHTPUJW  UO** 


Althocoh  the  requirements  as  Mt  forth  to  develop  the  MMfkctarin* 
process,  techniques  snd  equipwsnt  for  the  hydrothermal  growth  at  Large 
ZhO  crystals  nss  been  accomplished  it  Is  clear  that  aany  /seats  at  growth 
of  this  crystal  shoe Id  bo  investigated  in  greater  depth. 

1)  A  fundamental  study  should  be  carried  eat  te  investigate  in 
detail  the  dependence  of  growth  rate  on  pressure*  temperature* 
AT,  solute  concent rst ion  and  iopoxity  ion  offocto. 

2)  From  such  a  study  a  sot  at  conditions  night  be  observed  which 
could  be  developed  to  yield  a  process  wherein  hipwr  growth 
rates  and  higher  quality  crystals  could  be  obtained. 

3)  A  prograa  is  required  to  develop  a  process  ohlch  canid  yield  s 
purer  starting  2fcO  ponder  and  also  purer  HOH  for  solvent  pro* 

peration. 

4)  Further  inprovenents  are  required  In  the  ability  to  dope  at 
■ore  levels  and  in  a  wore  repordocible  uniform  nenaor. 

5)  A  study  should  bo  carried  out  to  dope  200  with  ions  other  than 
lithiue,  capper  and  Indian  to  see  if  the  objectives  at  No.  4 
above  could  be  nore  easily  accomplished  and/or  yield  a  crystal 
with  other  interesting  properties. 

\ 

6)  Finally  a  prograa  nust  be  carried  out  to  develop  the  growth 
whoroby  crystals  are  produced  ehoee  major  dimension  lias  in 
the  <0001>  axis. 


K11-3J4 


0 


4 


7.0  HOTgWCP 

1.  A.  R.  Hutson,  Wtw.  Rtv-  Utttn.  4.  SOS  (19(0). 

a.  A.  R.  Hutson,  J.  H.  McTm,  sad  0.  L.  Mbits,  ISn.  Raw.  Lattsrs. 
7,  237  (1941). 

3.  J.  H.  McFss,  J.  AppI.  Ptrs..  ?4.  1544  (19(4). 

4.  A.  R.  Hutson,  Bull  Tslspbooa  Laboratories,  frints  Co— its, 
tion. 


5.  J.  J.  Lsndsr,  J.  Phys.  Chsm  Solids.  IS. 

6.  J.  J.  Charlton,  P3ABDL»  ft. 


(19(0). 


8.  R.  A.  Laudlss,  B.  0.  Kolb,  and  A.  J. 
Soc. ,  47,  9  (1964). 


ft!,  17(9 


J.  in.  Coras. 


9.  R.  A.  Laudlss  and  J.  M.  Nialaan,  "Hydro— 1  crystal 

Growth",  Solid  Stats  Physics.  12.  Acadasls  Frass,  Mas  York, 
1961. 


10.  R.  A.  Laudlss,  "Hydrotharsal  Synthssls  at  Sing  Is  Crystals", 
Prog  rasa  in  Inorganic  Chsslstry.  J,  Intarsdanca  Pnblishars, 
Naw  York  (1962). 

11.  R.  A.  Laudlss,  Ball  Tslsphoos  Laboratories,,  rrlwala-  Casnunl- 
cation. 


12.  A.  N.  Mariano  and  R.  B.  Hannssan,  J.  Appl.  Wars. ,  34.  384 
(1963). 

13.  R.  R.  Monehawp,  R.  C.  Putt  bach ,  and  J.  V.  Rials  sn,  Final 
R sport  AF  Contract  AF33(657 )- 10508,  Qctobsr,  1965. 

14.  R.  A.  Laudlss  and  B.  D.  Kolb,  Ball  Talaphoss  Laboratorlss , 
Privats  Conunicatlan. 

13.  R.  R.  Monchasp,  R.  C.  ftittbach  and  J.  M.  Rialasa.  J.  Rise  tro¬ 
ches.  Soc..  113.  1233  (1966). 

16.  s.  D.  Kolb  and  R.  A.  Laudlss,  J.  As.  Caras.  Son. .  49. 

302,  (1966). 

17.  B.  0.  Kolb  and  R.  A.  Laudlss,  J.  As.  Osras.  Soc. .  48.  344 
(1963). 


14S- 


i! 


JOCUNiHT  CONTROL  PAT i  •  RAO 


T*«wN«v  tft<0  k*-  -fw  nj  •*•(«•«>( 


.a*e  -w*<  ft*  #*•*•«•*  *••*•<«  —*»*  >•  ■ 


:}«lr.lNATiM  Q  ftCTCV1*V  '  C  ■»  —S  F*  f  MtihST* 

ja  eionaT  tifwR' t*  C  l **nR»€ati#n 

iirtron  Division 

USCU3SZTTCD 

Litton  precision  Products.  Leo. 

200  E.  Ranover  Ave.,  Rorrla  Plains,  Sew  Jersey 

2*  a 

i  n*nont  TITL* 

Eydro thermal  Qrowth  of  Ziao  Oxide  Crystals 
AfTJ/-TR-67-144 


4  0«*C*l**»V«  NOTII  ffrr«  •<  f»— ♦  i^ANir* 

Pinal  Report  -  i  Jon*  1962  to  31  Deosabsr  1966 


1  AuTMOftffJ  fLa*i  i+mm*.  *mi  mmm. 

Monoheap,  Boob  S. 

Malawi,  J.  V. 

Rittbaoh,  Richard  C,  _ _ _ _ _ 

«  w«wo<rr  oat«  rr.  j  r*  »« 

Jana  1967  !  173 _  ; 


[  a*  CONTRACT  ON  IRANT  MO  I  •*  ORH4INA  TO»*4  ««ft#4f  Ng»l«IWl) 


•  «.  CONTRACT  OR  MART  MO 

AF33(657)“0795  *  AJ33(6l5)-2228 

A  MOilCr  NO 

7-988 


Hll-534 


J  •».  OTMIN  RfRONT  NOTO  (4af  * 


ia  «  va  a.  AaiLirr/LiMiTATioM  hotick*  inia  doouaen*  la  subject  to  special  export  control  a  and 
emoh  transmittal  to  foreign  governments  or  foreign  nationals  a ay  b*  aa da  only  with 
prior  approval  of  tha  Manufacturing  Technology  Division,  AJUL,  rf-PUB,  Ohio  43433. 


II  lu^t  (MINTAAY  HOTtl  j  II-  »W0e«O«ll»a  *LITA*Y  ACTIVITY 

AP  Mata rial a  laboratory 
Manufacturing  Technology  Dirlalon  (MAXI) 

'  ifrigfat— Patterson  APB,  Ohio  45433 _ 


11  AMTRACT  | 

A  pilot  lima  for  tha  production  of  large  high  quality  ZnO  a ingle  crystals  waa  i 

antabliahod  and  nany  larga  crystal  a  warn  produood.  The  pilot  lino  can  bo  dlridod 
into  two  unlta,  l)a  no  1  tan  salt  lino  for  tha  production  of  saad  plataa  to  ba  used 
in  2) tha  hydro tha raal  crystal  growth  pilot  lino.  Tha  design  and  oonatrootion  of  bott 
linaa  war*  auooaaa fully  ooaplatod  and  functioned  a a  planned.  Tba  nolton  aait  cry* taj 
growth  effort  waa  not  a a  auooaaaful  aa  had  bean  anticipated.  Largo  area,  high  quali¬ 
ty  crystals  could  not  be  Bade  reproduoibly  by  thia  technique.  The  moat  apparent 
reason a  for  the  failure  to  do  so  reata  in  tha  real  gradient  control  during  tha  growth 
ayole  and/or  tha  preaenoo  or  aheonoo  of  iapuritiea.  Although  these  pro  blase  ware  not 
oowplotaly  resolved  tha  aolten  salt  pilot  line  did  yield  sufficient  plates  for  the 
initial  portion  of  the  hydro tharmal  crystal  growth  progrsa.  Qnoo  growth  condition* 
end  procedures  ware  aatabliahad  in  tha  hydro  tha mal  pilot  lina.  the  hydro tha  really 
grown  crystals  wore  sectioned  and  used  aa  ooeda  for  subsequent  rune.  Tha  area  of  tha 
crystals  wars  increased  by  continued  growth  until  large  high  quality  oryatala  weigh¬ 
ing  more  than  150  graas  could  be  grown  on  such  seeds  within  reasonable  operating 
tieea.  Coe  problea  arose  which  hoi  not  been  encountered  in  previous  hydro thermal 
systeae.  It  was  found  that  the  silver  liner  or  can  waa  corrosively  attached  during 
the  course  of  the  growth  cycle.  The  silver  which  waa  dissolved  in  tha  fluid  in  the 
fluid  in  tha  nutrient  ohaaber  would  also  be  deposited  in  tha  crystals  in  tha  growth 
chamber.  Thia  problem  was  solved  by  adding  a  reducing  agent  (aa  tall  in  aino)  to  the 
reactants.  The  cause  of  the  oorroeion  apparently  ia  due  to  tha  prsaenoa  of  oxygen 
dissolved  in  tha  solvent  and  aa  air  entrapped  in  closure  of  the  can.  The  reason  | 
this  phenomenon  bad  not  been  o  beer  fed  in  other  saall  ays  fas  using  noble  aetah  liam 
ia  that  no  other  siailar  system  haa  been  scaled-up  to  tha  2h0  else.  The  solution  of  J 
thia  problea  for  tha  ZttQ  case  will  undoubtedly  be  of  Talus  to  other  larga  hydro—  | 
thermal  errata!  growth  ays  teas.  _ j 
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